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ABSTRACT
Dysphagia has negatively affected the quality of life or even caused death for many head
and neck cancer patients. Consequently, it is critical that scientists investigate the function
of normal and abnormal swallowing in an effort to determine what can be done to reduce
health risks. In order to better understand the physiology of a safe swallow, the purpose
of this study was to use magnetic resonance images and mathematical tools to determine
the actions of hyoid displacement and upper esophageal sphincter opening secondary to the
hyoid displacement.
Methods: Four healthy male adults participated in this study. Each subject lay in a
MRI scanner, and was given 5 ml, 10 ml, 15 ml and 20 ml of water to swallow, four times
each. During swallowing the 3D structural and 2D dynamic MRI were collected. The
origin and insertion of the submental muscles (SM), posterior belly of digastric (PBD), and
infra-hyoid muscles (IH) were measured. The anterior and posterior boundaries of upper
esophageal sphincter (UES) and the antero-inferior corner of cervical vertebrae 7 (C7) were
also measured. The soft tissue between the hyoid bone and the anterior UES boundary was
denoted as TH; the soft tissue between the posterior boundary of UES and C7 was denoted
as RF. Then, using a lambda model treating SM, PBD, IH, and TH as active springs, and
treating UES and RF as passive springs, the muscle force changes during swallowing were
simulated.
Results: The timings when SM and TH generate their maximum forces were found to have
positive effect on UES maximum opening. The SM mm. were the principle muscle source
for both opening and elevating the UES. TH was more closely related to laryngeal elevation
than to UES opening. IH mainly contributed to stabilization of the hyoid bone as the SM
and PBD mm. move the hyoid bone superiorly; and, at the same time the IH mm. worked
ii
with TH to help protect the larynx. PBD force contributed to the maximum IH length
at the initial stage of the swallow, however, the force from the PBD was not large enough
to elongate the IH sufficiently to let the UES reached its maximum superior position. In
addition, it is likely to contribute to fixing the UES posterior wall to the cervical spine while
the UES is opened by SM contraction and the entire UES sliding along the cervical spine.
Conclusion. The main finding of this study is the critical function of SM on a safe swallow.
This provides critical information to otolaryngologists (ENT), speech language pathologists
(SLP) and other related professions that may enable future treatments targeting ths mus-
cle.
iii
To my parents, for their love and support.
iv
ACKNOWLEDGMENTS
It had not been easy, but I am proud that I have finished this doctoral dissertation. This work
would not have been possible without the support and encouragement of many people. Many
thanks to my adviser, Professor Adrienne L. Perlman. There is no doubt that Dr. Perlman
has the excellent insight of tutoring students. She guided me to plan for the war and directed
me to win every battle. She also read my numerous revisions and helped clarify the confusion
and polish the usage of English. She is a great advisor and mentor for my graduate study,
and without her commonsense, knowledge, and perceptiveness I would never have finished
this project. Special thanks to Professor Mark A. Hasegawa-Johnson. My struggle with the
mathematical challenges ended with him. Step by step, Dr. Hasegawa-Johnson directed me
toward the completion of the mathematical design of this project. His sharp mind and warm
smile challenged and comforted me. I have to thank Dr. Brad P. Sutton for having been
so supportive for years. From the initial preliminary data collection in Carle Hospital until
finishing this project, without Dr. Sutton’s support and straightforward suggestions, none of
these would have happened. Also thanks to my other committee members, Professors Fatima
T. Husain and Torrey M. Loucks, who provided valuable guidance and support. I also want
to thank other graduate students from the Speech and Hearing Science Department. With
their support and encouragement, the progress of this project was much easier. Finally,
thanks to my husband, Zhenyu Yang, although most of the time he cannot be with me
physically, he never stops his support of me, both technically and emotionally. Also thanks
to my sons, Adam Z. Yang and Andy Z. Yang, who delight my life. Being their mother is
the most wonderful job I have ever done. They helped me on the dissertation writing by
encouraging me to join their physical activities, and arbitrating their arguments regarding
which toy belongs to whom.
v
TABLE OF CONTENTS
LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii
LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
CHAPTER 1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
CHAPTER 2 LITERATURE REVIEW . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1 Swallow Physiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Head and Neck Cancer Caused Swallow Disorders . . . . . . . . . . . . . . . 14
2.3 Hyoid Bone and Muscle Anatomy . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3.1 Hyoid bone anatomy . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3.2 Muscles attached on hyoid bone . . . . . . . . . . . . . . . . . . . . . 21
2.4 Swallowing Related Mathematical Modeling and Animation . . . . . . . . . 25
2.5 Skeletal Muscle Physiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.5.1 The framework of skeletal muscle . . . . . . . . . . . . . . . . . . . . 28
2.5.2 The motor unit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.5.3 Skeletal muscle contraction procedure . . . . . . . . . . . . . . . . . . 29
2.6 Research Goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.7 Hypothesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
CHAPTER 3 METHODOLOGY . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1 MRI Acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2 Data Measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.3 Mathematical Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.4 Experiment and Model Evaluation . . . . . . . . . . . . . . . . . . . . . . . 39
3.5 Statistical Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
CHAPTER 4 RESULT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.1 Measures Reported . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.2 Reliability Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.3 Quantitative Model Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.4 Qualitative Model Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.5 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
vi
CHAPTER 5 DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.1 UES Opening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.2 Superior Movement of UES . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.3 Hyoid Displacement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.4 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
CHAPTER 6 CONCLUSION AND FUTURE WORK . . . . . . . . . . . . . . . . 60
6.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
6.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
APPENDIX A MRI SAFETY SCREENING FORM . . . . . . . . . . . . . . . . . 62
APPENDIX B FIGURES OF MUSCLE LENGTH AND ESTIMATED MUSCLE
FORCE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
APPENDIX C SWALLOWS CROSS SUBJECTS . . . . . . . . . . . . . . . . . . . 196
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
vii
LIST OF TABLES
4.1 The denotation of the frame number when maximum and minimum muscle
force and length were reached. . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.2 Test inter-subject/volume variation. . . . . . . . . . . . . . . . . . . . . . . . 43
4.3 The conditional correlation among the average muscle force from the first
15 swallows and the 16th swallow. . . . . . . . . . . . . . . . . . . . . . . . . 44
4.4 The comparsion of the timing of the maximum muscle force between the
first 15 swallows and the 16th swallow of each subject. . . . . . . . . . . . . 45
4.5 The muscle length change for each subject in centimeters. . . . . . . . . . . . 46
4.6 The mean and the standard error of the frame numbers. . . . . . . . . . . . 47
4.7 The conditional correlation between the estimated maximum IH force and
the measured maximum IH length and minimum IH length respectivly. . . . 47
4.8 Linear regression result of the influence of the measured minimum IH
length and the maximum IH length on the estimated maximum IH force. . . 47
4.9 The conditional correlation between the time of estimated maximum mus-
cle force and the time of measured maximum UES opening. . . . . . . . . . . 48
4.10 The conditional correlation between the time of estimated maximum mus-
cle force and measured maximum UES superior position. . . . . . . . . . . . 48
4.11 The conditional correlations between the frame numbers when muscles
reached their maximum force. . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.12 Linear regression result of muscles that influence maximum UES opening. . . 49
4.13 Linear regression result of estimated muscle forces that influence measured
maximum UES opening. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.14 Linear regression result of estimated muscle forces that influence measured
maximum UES superior position. . . . . . . . . . . . . . . . . . . . . . . . . 49
4.15 Linear regression result of estimated muscle forces that influence MaxIHL. . 49
4.16 Linear regression result of estimated muscle forces that influenced MinSML. 50
4.17 Linear regression result of estimated muscle forces that influence MinTHL . 50
4.18 Comparison between MaxTHF and MaxSMF. . . . . . . . . . . . . . . . . . 50
4.19 Comparison between MaxIHF and MaxSMF. . . . . . . . . . . . . . . . . . . 50
4.20 Comparison between MaxIHF and MaxTHF. . . . . . . . . . . . . . . . . . . 50
C.1 The number of multiple swallows of each volume cross subjects. . . . . . . . 196
viii
LIST OF FIGURES
2.1 The illustration of hyoid bone (courtesy of LearnBones.com). . . . . . . . . . 20
2.2 The illustration of hyoid muscles (courtesy of Bartleby.com). . . . . . . . . . 21
3.1 The locations of active and passive springs. . . . . . . . . . . . . . . . . . . . 37
4.1 The typical trend of muscle length change of SM, PBD, IH, UES and RF
during swallowing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.2 The sequence of estimiated maximum muscle forces and corresponding
measured muscle length, maximum UES opening and UES superior posi-
tion. The zero point was the initiation of UES opening. . . . . . . . . . . . . 52
B.1 Subject 1, Trial 1, Swallow 1 – Muscle Force . . . . . . . . . . . . . . . . 68
B.2 Subject 1, Trial 1, Swallow 1 – Muscle Length . . . . . . . . . . . . . . . 69
B.3 Subject 1, Trial 1, Swallow 2 – Muscle Force . . . . . . . . . . . . . . . . 70
B.4 Subject 1, Trial 1, Swallow 2 – Muscle Length . . . . . . . . . . . . . . . 71
B.5 Subject 1, Trial 1, Swallow 3 – Muscle Force . . . . . . . . . . . . . . . . 72
B.6 Subject 1, Trial 1, Swallow 3 – Muscle Length . . . . . . . . . . . . . . . 73
B.7 Subject 1, Trial 1, Swallow 4 – Muscle Force . . . . . . . . . . . . . . . . 74
B.8 Subject 1, Trial 1, Swallow 4 – Muscle Length . . . . . . . . . . . . . . . 75
B.9 Subject 1, Trial 2, Swallow 1 – Muscle Force . . . . . . . . . . . . . . . . 76
B.10 Subject 1, Trial 2, Swallow 1 – Muscle Length . . . . . . . . . . . . . . . 77
B.11 Subject 1, Trial 2, Swallow 2 – Muscle Force . . . . . . . . . . . . . . . . 78
B.12 Subject 1, Trial 2, Swallow 2 – Muscle Length . . . . . . . . . . . . . . . 79
B.13 Subject 1, Trial 2, Swallow 3 – Muscle Force . . . . . . . . . . . . . . . . 80
B.14 Subject 1, Trial 2, Swallow 3 – Muscle Length . . . . . . . . . . . . . . . 81
B.15 Subject 1, Trial 2, Swallow 4 – Muscle Force . . . . . . . . . . . . . . . . 82
B.16 Subject 1, Trial 2, Swallow 4 – Muscle Length . . . . . . . . . . . . . . . 83
B.17 Subject 1, Trial 3, Swallow 1 – Muscle Force . . . . . . . . . . . . . . . . 84
B.18 Subject 1, Trial 3, Swallow 1 – Muscle Length . . . . . . . . . . . . . . . 85
B.19 Subject 1, Trial 3, Swallow 2 – Muscle Force . . . . . . . . . . . . . . . . 86
B.20 Subject 1, Trial 3, Swallow 2 – Muscle Length . . . . . . . . . . . . . . . 87
B.21 Subject 1, Trial 3, Swallow 3 – Muscle Force . . . . . . . . . . . . . . . . 88
B.22 Subject 1, Trial 3, Swallow 3 – Muscle Length . . . . . . . . . . . . . . . 89
B.23 Subject 1, Trial 3, Swallow 4 – Muscle Force . . . . . . . . . . . . . . . . 90
B.24 Subject 1, Trial 3, Swallow 4 – Muscle Length . . . . . . . . . . . . . . . 91
ix
B.25 Subject 1, Trial 4, Swallow 1 – Muscle Force . . . . . . . . . . . . . . . . 92
B.26 Subject 1, Trial 4, Swallow 1 – Muscle Length . . . . . . . . . . . . . . . 93
B.27 Subject 1, Trial 4, Swallow 2 – Muscle Force . . . . . . . . . . . . . . . . 94
B.28 Subject 1, Trial 4, Swallow 2 – Muscle Length . . . . . . . . . . . . . . . 95
B.29 Subject 1, Trial 4, Swallow 3 – Muscle Force . . . . . . . . . . . . . . . . 96
B.30 Subject 1, Trial 4, Swallow 3 – Muscle Length . . . . . . . . . . . . . . . 97
B.31 Subject 1, Trial 4, Swallow 4 – Muscle Force . . . . . . . . . . . . . . . . 98
B.32 Subject 1, Trial 4, Swallow 4 – Muscle Length . . . . . . . . . . . . . . . 99
B.33 Subject 2, Trial 1, Swallow 1 – Muscle Force . . . . . . . . . . . . . . . . 100
B.34 Subject 2, Trial 1, Swallow 1 – Muscle Length . . . . . . . . . . . . . . . 101
B.35 Subject 2, Trial 1, Swallow 2 – Muscle Force . . . . . . . . . . . . . . . . 102
B.36 Subject 2, Trial 1, Swallow 2 – Muscle Length . . . . . . . . . . . . . . . 103
B.37 Subject 2, Trial 1, Swallow 3 – Muscle Force . . . . . . . . . . . . . . . . 104
B.38 Subject 2, Trial 1, Swallow 3 – Muscle Length . . . . . . . . . . . . . . . 105
B.39 Subject 2, Trial 1, Swallow 4 – Muscle Force . . . . . . . . . . . . . . . . 106
B.40 Subject 2, Trial 1, Swallow 4 – Muscle Length . . . . . . . . . . . . . . . 107
B.41 Subject 2, Trial 2, Swallow 1 – Muscle Force . . . . . . . . . . . . . . . . 108
B.42 Subject 2, Trial 2, Swallow 1 – Muscle Length . . . . . . . . . . . . . . . 109
B.43 Subject 2, Trial 2, Swallow 2 – Muscle Force . . . . . . . . . . . . . . . . 110
B.44 Subject 2, Trial 2, Swallow 2 – Muscle Length . . . . . . . . . . . . . . . 111
B.45 Subject 2, Trial 2, Swallow 3 – Muscle Force . . . . . . . . . . . . . . . . 112
B.46 Subject 2, Trial 2, Swallow 3 – Muscle Length . . . . . . . . . . . . . . . 113
B.47 Subject 2, Trial 2, Swallow 4 – Muscle Force . . . . . . . . . . . . . . . . 114
B.48 Subject 2, Trial 2, Swallow 4 – Muscle Length . . . . . . . . . . . . . . . 115
B.49 Subject 2, Trial 3, Swallow 1 – Muscle Force . . . . . . . . . . . . . . . . 116
B.50 Subject 2, Trial 3, Swallow 1 – Muscle Length . . . . . . . . . . . . . . . 117
B.51 Subject 2, Trial 3, Swallow 2 – Muscle Force . . . . . . . . . . . . . . . . 118
B.52 Subject 2, Trial 3, Swallow 2 – Muscle Length . . . . . . . . . . . . . . . 119
B.53 Subject 2, Trial 3, Swallow 3 – Muscle Force . . . . . . . . . . . . . . . . 120
B.54 Subject 2, Trial 3, Swallow 3 – Muscle Length . . . . . . . . . . . . . . . 121
B.55 Subject 2, Trial 3, Swallow 4 – Muscle Force . . . . . . . . . . . . . . . . 122
B.56 Subject 2, Trial 3, Swallow 4 – Muscle Length . . . . . . . . . . . . . . . 123
B.57 Subject 2, Trial 4, Swallow 1 – Muscle Force . . . . . . . . . . . . . . . . 124
B.58 Subject 2, Trial 4, Swallow 1 – Muscle Length . . . . . . . . . . . . . . . 125
B.59 Subject 2, Trial 4, Swallow 2 – Muscle Force . . . . . . . . . . . . . . . . 126
B.60 Subject 2, Trial 4, Swallow 2 – Muscle Length . . . . . . . . . . . . . . . 127
B.61 Subject 2, Trial 4, Swallow 3 – Muscle Force . . . . . . . . . . . . . . . . 128
B.62 Subject 2, Trial 4, Swallow 3 – Muscle Length . . . . . . . . . . . . . . . 129
B.63 Subject 2, Trial 4, Swallow 4 – Muscle Force . . . . . . . . . . . . . . . . 130
B.64 Subject 2, Trial 4, Swallow 4 – Muscle Length . . . . . . . . . . . . . . . 131
B.65 Subject 3, Trial 1, Swallow 1 – Muscle Force . . . . . . . . . . . . . . . . 132
B.66 Subject 3, Trial 1, Swallow 1 – Muscle Length . . . . . . . . . . . . . . . 133
B.67 Subject 3, Trial 1, Swallow 2 – Muscle Force . . . . . . . . . . . . . . . . 134
B.68 Subject 3, Trial 1, Swallow 2 – Muscle Length . . . . . . . . . . . . . . . 135
x
B.69 Subject 3, Trial 1, Swallow 3 – Muscle Force . . . . . . . . . . . . . . . . 136
B.70 Subject 3, Trial 1, Swallow 3 – Muscle Length . . . . . . . . . . . . . . . 137
B.71 Subject 3, Trial 1, Swallow 4 – Muscle Force . . . . . . . . . . . . . . . . 138
B.72 Subject 3, Trial 1, Swallow 4 – Muscle Length . . . . . . . . . . . . . . . 139
B.73 Subject 3, Trial 2, Swallow 1 – Muscle Force . . . . . . . . . . . . . . . . 140
B.74 Subject 3, Trial 2, Swallow 1 – Muscle Length . . . . . . . . . . . . . . . 141
B.75 Subject 3, Trial 2, Swallow 2 – Muscle Force . . . . . . . . . . . . . . . . 142
B.76 Subject 3, Trial 2, Swallow 2 – Muscle Length . . . . . . . . . . . . . . . 143
B.77 Subject 3, Trial 2, Swallow 3 – Muscle Force . . . . . . . . . . . . . . . . 144
B.78 Subject 3, Trial 2, Swallow 3 – Muscle Length . . . . . . . . . . . . . . . 145
B.79 Subject 3, Trial 2, Swallow 4 – Muscle Force . . . . . . . . . . . . . . . . 146
B.80 Subject 3, Trial 2, Swallow 4 – Muscle Length . . . . . . . . . . . . . . . 147
B.81 Subject 3, Trial 3, Swallow 1 – Muscle Force . . . . . . . . . . . . . . . . 148
B.82 Subject 3, Trial 3, Swallow 1 – Muscle Length . . . . . . . . . . . . . . . 149
B.83 Subject 3, Trial 3, Swallow 2 – Muscle Force . . . . . . . . . . . . . . . . 150
B.84 Subject 3, Trial 3, Swallow 2 – Muscle Length . . . . . . . . . . . . . . . 151
B.85 Subject 3, Trial 3, Swallow 3 – Muscle Force . . . . . . . . . . . . . . . . 152
B.86 Subject 3, Trial 3, Swallow 3 – Muscle Length . . . . . . . . . . . . . . . 153
B.87 Subject 3, Trial 3, Swallow 4 – Muscle Force . . . . . . . . . . . . . . . . 154
B.88 Subject 3, Trial 3, Swallow 4 – Muscle Length . . . . . . . . . . . . . . . 155
B.89 Subject 3, Trial 4, Swallow 1 – Muscle Force . . . . . . . . . . . . . . . . 156
B.90 Subject 3, Trial 4, Swallow 1 – Muscle Length . . . . . . . . . . . . . . . 157
B.91 Subject 3, Trial 4, Swallow 2 – Muscle Force . . . . . . . . . . . . . . . . 158
B.92 Subject 3, Trial 4, Swallow 2 – Muscle Length . . . . . . . . . . . . . . . 159
B.93 Subject 3, Trial 4, Swallow 3 – Muscle Force . . . . . . . . . . . . . . . . 160
B.94 Subject 3, Trial 4, Swallow 3 – Muscle Length . . . . . . . . . . . . . . . 161
B.95 Subject 3, Trial 4, Swallow 4 – Muscle Force . . . . . . . . . . . . . . . . 162
B.96 Subject 3, Trial 4, Swallow 4 – Muscle Length . . . . . . . . . . . . . . . 163
B.97 Subject 4, Trial 1, Swallow 1 – Muscle Force . . . . . . . . . . . . . . . . 164
B.98 Subject 4, Trial 1, Swallow 1 – Muscle Length . . . . . . . . . . . . . . . 165
B.99 Subject 4, Trial 1, Swallow 2 – Muscle Force . . . . . . . . . . . . . . . . 166
B.100 Subject 4, Trial 1, Swallow 2 – Muscle Length . . . . . . . . . . . . . . . 167
B.101 Subject 4, Trial 1, Swallow 3 – Muscle Force . . . . . . . . . . . . . . . . 168
B.102 Subject 4, Trial 1, Swallow 3 – Muscle Length . . . . . . . . . . . . . . . 169
B.103 Subject 4, Trial 1, Swallow 4 – Muscle Force . . . . . . . . . . . . . . . . 170
B.104 Subject 4, Trial 1, Swallow 4 – Muscle Length . . . . . . . . . . . . . . . 171
B.105 Subject 4, Trial 2, Swallow 1 – Muscle Force . . . . . . . . . . . . . . . . 172
B.106 Subject 4, Trial 2, Swallow 1 – Muscle Length . . . . . . . . . . . . . . . 173
B.107 Subject 4, Trial 2, Swallow 2 – Muscle Force . . . . . . . . . . . . . . . . 174
B.108 Subject 4, Trial 2, Swallow 2 – Muscle Length . . . . . . . . . . . . . . . 175
B.109 Subject 4, Trial 2, Swallow 3 – Muscle Force . . . . . . . . . . . . . . . . 176
B.110 Subject 4, Trial 2, Swallow 3 – Muscle Length . . . . . . . . . . . . . . . 177
B.111 Subject 4, Trial 2, Swallow 4 – Muscle Force . . . . . . . . . . . . . . . . 178
B.112 Subject 4, Trial 2, Swallow 4 – Muscle Length . . . . . . . . . . . . . . . 179
xi
B.113 Subject 4, Trial 3, Swallow 1 – Muscle Force . . . . . . . . . . . . . . . . 180
B.114 Subject 4, Trial 3, Swallow 1 – Muscle Length . . . . . . . . . . . . . . . 181
B.115 Subject 4, Trial 3, Swallow 2 – Muscle Force . . . . . . . . . . . . . . . . 182
B.116 Subject 4, Trial 3, Swallow 2 – Muscle Length . . . . . . . . . . . . . . . 183
B.117 Subject 4, Trial 3, Swallow 3 – Muscle Force . . . . . . . . . . . . . . . . 184
B.118 Subject 4, Trial 3, Swallow 3 – Muscle Length . . . . . . . . . . . . . . . 185
B.119 Subject 4, Trial 3, Swallow 4 – Muscle Force . . . . . . . . . . . . . . . . 186
B.120 Subject 4, Trial 3, Swallow 4 – Muscle Length . . . . . . . . . . . . . . . 187
B.121 Subject 4, Trial 4, Swallow 1 – Muscle Force . . . . . . . . . . . . . . . . 188
B.122 Subject 4, Trial 4, Swallow 1 – Muscle Length . . . . . . . . . . . . . . . 189
B.123 Subject 4, Trial 4, Swallow 2 – Muscle Force . . . . . . . . . . . . . . . . 190
B.124 Subject 4, Trial 4, Swallow 2 – Muscle Length . . . . . . . . . . . . . . . 191
B.125 Subject 4, Trial 4, Swallow 3 – Muscle Force . . . . . . . . . . . . . . . . 192
B.126 Subject 4, Trial 4, Swallow 3 – Muscle Length . . . . . . . . . . . . . . . 193
B.127 Subject 4, Trial 4, Swallow 4 – Muscle Force . . . . . . . . . . . . . . . . 194




Swallowing is a critical function for survival, and the oral intake of food and liquid contributes
to emotional and social well being. In the normal adult there is a wide range of swallowing
frequency, depending upon activities. On average, a person has been estimated to swallow
600 times each day (Lear, Flanagan, & Moorrees, 1965).
We tend to take safe swallowing for granted and ignore the fact that it is actually quite
fragile. Many factors can result in difficulty swallowing (dysphagia). Dysphagia can occur
anywhere along the alimentary track, from the lips to the stomach. This research is concerned
with the area from the lips to the upper esophageal sphincter (UES). Events such as stroke,
head/neck cancer and related treatment, internal and external trauma to the head and
neck (Lazarus & Logemann, 1987), and various neurological diseases and disorders, can all
lead to impaired swallowing. For example, studies have reported that approximately 25–73%
of patients post stroke (Gordon, Hewer, & Wade, 1987; Young & Durant-Jones, 1990), 10%
to 37% of total glossectomy patients (Weber, Ohlms, Bowman, Jacob, & Goepfert, 1991), up
to 50% of patients following chemoradiation therapy (Nguyen, Sallah, Karlsson, & Antoine,
2002), and 80% of children with cerebral palsy (Reilly, Skuse, & Poblete, 1996) experience
oral-pharyngeal dysphagia.
The ability to safely continue oral intake of food is an issue for a significant percentage
of post-treatment head and neck cancer patients. The number of cancer incidences related
to the head and neck on a global scale is about 500,000 cases per year with a mortality rate
of 270,000 cases per year (Al-Sarraf, 2002; Parkin, Pisani, & Ferlay, 1999). Estimated new
cases and deaths from laryngeal cancer in the United States in 2008 were 12,250 and 3,670
respectively (“Cancer Facts and Figures 2008”, 2008). Although new treatment techniques
have resulted in decreased mortality rates, patients continue to suffer from complications,
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including dysphagia. Dysphagia after head and neck cancer treatment poses a serious threat
to health as it may lead to aspiration pneumonia, weight loss, malnutrition, dehydration,
delayed wound healing, airway obstruction, and lung fibrosis, all of which can alter the
quality of a patients life. A study by List (List et al., 1996) reported that 67 percent of
181 patients undergoing treatment for head and neck cancer suffered from oralpharyngeal
dysphagia (OPD). Ward (Ward, Bishop, Frisby, & Stevens, 2002) reported 98% of the la-
ryngectomy and 100% of the pharyngolaryngectomy patients experienced OPD at discharge.
After three years, half of the patients in each group managed a normal diet, although some
dysphagia symptoms remained with them for the rest of their lives. It has also been esti-
mated that OPD is presented in 10% to 58% of post total laryngectomee (Balfe et al., 1982;
Nayar, Sharma, & Arora, 1984). Research has shown that there are many cases in which
the direct reason for death is not the cancer itself but rather the passage of food or liquid
into the lungs (Herzog, 2000). Flores et al. (Flores, Wood, Levine, Koegel, & Tucker, 1982)
reported among 46 post supraglottic laryngeal surgery patients, 28 of them managed oral
intake successfully; an additional nine could manage oral intake after 4 weeks to 5 months of
therapy, with one of those nine suffering aspiration pneumonia; and the remaining 9 of the 46
patients failed with two deaths due to aspiration. Nguyen (Nguyen et al., 2006) studied 63
patients who underwent concurrent chemotherapy and radiation for head and neck cancer.
They reported that 37 of the 63 (59%) patients experienced aspiration and six of those 37
(9%) died from aspiration pneumonia.
To reduce the risks from aspiration, tube feeding, enteral nutritional support, and gas-
trostomy may be employed (Kronenberger & Meyers, 1994). This not only degrades quality
of life, but also incurs economic and social burdens. Based on the data from United States
National Center for Health Statistics (NCHS), the nation’s annual economic cost, including
direct medical care, morbidity and mortality costs, of cancers of the lip, oral cavity and
pharynx was $943 million in 1990 (Brown, Hodgson, & Rice, 1993). Brown et al. (1993)
reported that based upon data from the Medicare program, head and neck cancer ranks
among the eight most expensive cancers in that program Medicare expenditures for 1996 to-
taled approximately $675 million. Cronin (Cronin, Lee, & Wang, 2001) reported the overall
burden of head and neck cancer in the United States to be $976 million per year. It has also
2
been reported that in 1992, Medicare covered enteral feeding for 73,000 patients at home (a
115% increase from 1989) and 133,000 patients in nursing homes, at a cost of $505 million.
It has been estimated that, for home enteral nutrition, a nearly equal number of patients
were covered by a provider other than Medicare (Perlman & Schulze-Delrieu, 1997a, p. 17).
Altman (Altman, Yu, & Schaefer, 2010) studied The National Hospital Discharge Survey
(NHDS), 2005-2006, and reported that hospital stays among patients with dysphagia almost
double that of patients without dysphagia – with an estimated cost per year topping $547
billion.
Therefore, it is a critical task to investigate the function of swallowing and related dys-
phagia in an effort to determine what can be done to reduce health risks. The purpose of
this study is to use magnetic resonance images and mathematical tools to determine the
actions of hyoid displacement and upper esophageal sphincter opening secondary to the
hyoid displacement, in order to better understand the physiology of a safe swallow. A three-
dimensional dynamic model of intact swallowing was constructed. Eventually this model will
be developed to assist surgeons in determining improved surgical reconstruction techniques





The process of swallowing can be divided into three stages (Logemann, 1998; Perlman &
Schulze-Delrieu, 1997a, p. 19): oral, pharyngeal, and esophageal. The oral stage includes
two phases: bolus preparation and bolus transport. When the bolus is placed into the oral
cavity, the hyoid bone and tongue body are pulled back and slightly downward to close the
oropharynx (Hiiemae & Palmer, 2003). During bolus preparation, non-liquids are chewed
and mixed with saliva produced by the parotid, submandibular, and sublingual glands and
are prepared to be propelled to the posterior oral cavity and swallowed (Palmer, Rudin,
Lara, & Crompton, 1992). As the jaw begins to close, the tongue begins to rise. The
tongue moves food distally through the oral cavity from the incisors to the post-canines for
chewing (Hiiemae & Palmer, 2003). Since the tongue is anchored to the mandible, the hyoid
and cranial base by its extrinsic muscles, tongue, hyoid bone and mandiblar movements
are linked (Takemoto, 2001; Matsuoa & Palmera, 2010). In the case of solid food, tongue
movement during chewing can be viewed as two separate but highly coordinated stages with
both spatial and temporal aspects, transporting food from the anterior portion of the mouth
to the buccal region and transporting chewed food from the buccal region to the posterior
surface of the tongue (Thexton, 1984). The average cycle durations of the first two or
three masticatory sequences are reported to be longer than the following ones when steady
chewing is achieved (Luschel & Goodwin, 1974; Lucas, Ow, Ritchie, Chew, & Keng, 1986).
This longer duration is believed to be due to the sudden break down of the non-liquid foods
into fine particles (Luschel & Goodwin, 1974). During the long sequence of steady chewing,
the jaw moves rapidly upward and laterally until the food piece is engaged between the teeth.
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After that, the jaw moves slowly until it reaches its maximum vertical position. The jaw
stops moving for 75–100 ms before it moves rapidly downward (Luschel & Goodwin, 1974).
During the steady chewing, the chewed food pieces are transported to the posterior portion
of the oral cavity awaiting the swallow (Hylander, Johnson, & Crompton, 1987). Although
showing more variability, the overall pattern of hyoid displacement, which to some degree
depends upon mandiblar position, can be described as moving posteriorly and inferiorly
relative to the mandible as the jaw closes, and reaches the most inferior position at about
the time of minimum gap between upper and lower teeth. Then the mandible begins to move
superiorly and anteriorly during the intercuspal phase and continues to move anteriorly and
superiorly until the jaw reaches maximal opening.
During bolus preparation, the posterior tongue is elevated and the soft palate is pulled an-
teriorly and inferiorly against the tongue to keep food in the anterior portion of the oral cavity
by contraction of the tensor veli palatine, palatoglossus and palatopharyngeus mm. (Donner,
Bosnia, & Robertson, 1985). Meanwhile, the airway is open and nasal breathing can con-
tinue. Additionally, a labial seal is maintained in order to prevent food from leaking from
the mouth and the buccal muscles are tensed to prevent the pocketing of food in the lateral
sulcus.
Intact sensation within the oral cavity, provided by cranial nerves V, VII, IX, and X, is
important for efficient manipulation of the bolus (Duffy, 2007; Perlman & Schulze-Delrieu,
1997a, p. 20–23). The chemoreceptors, thermoreceptors, and free nerve endings in the
overlying mucosa, touch and pressure receptors in the tongue and the mechanoreceptors
in the striated muscle determine the shape, texture, and stereoscopic aspects of the bolus
and the chew-mix activity (Coster & Schwartz, 1987). During oral preparation, the efferent
neural signal from cranial nerves V, VII, IX, X, XII, as well as cervical nerves I to III activate
the striated muscles that are involved in chewing, keep the bolus in the oral cavity and help
maintain head and neck posture (Palmer, 1998).
The oral preparation phase is under voluntary cortical control. Electrical stimulation of
the anterolateral region immediately anterior to the precentral cortex (Tsukamoto, 1963;
Sumi, 1969; A. Miller & Bowman, 1977) and descending pathways, from the anterolateral
cortex, the internal capsule and subthalamic regions to the level of the substantia nigra
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and mesencephalic reticular formation region of the upper brainstem (Sumi, 1969), evoke
swallowing often with mastication, even if the primary motor cortex is destroyed (Sumi,
1969).
Bilateral movements of the face and tongue and repetitive jaw movements can be elicited
by using weak electrical stimulation of the prefrontal region (Kubota, 1976), whereas swallow
can be evoked by using stronger currents (A. Miller & Bowman, 1977). These laboratory
findings have been confirmed with clinical observations (Satow et al., 2004). Hemispheric
cerebrovascular accidents are associated with a variety of swallowing deficits. Weber (Weber
et al., 1991) analyzed nine patients with unilateral cortical or internal capsule stroke and
found that those patients were not able to initiate a dry swallow and synchronize right and
left mylohyoid m. electromyographic (EMG) activity during swallowing. It has also been
reported that hemispheric cerebrovascular accidents are associated with delayed triggering
of the pharyngeal stage of swallowing (Logemann, 1983; Veis & Logemann, 1985; Meadows,
1973) and discoordination of oral swallow-related movements (Robbins & Levine, 1988; Veis
& Logemann, 1985; Meadows, 1973).
Although many studies have been reported on both the neural control of an intact swallow
and pathophysiology of swallowing impairments, understanding is still limited. On one hand,
it has been shown that swallowing can be evoked after the removal of the entire cortical and
subcortical regions above the brainstem, thus indicating that the cortex is not essential to the
pharyngeal and esophageal stages (F. Miller & Sherrington, 1915; A. Miller, 1972a, 1972b);
clinical observations have indicated that hemispheric cerebrovascular accidents are associ-
ated with increased pharyngeal transit time (Johnson, McKenzie, Rosenquist, Leiberman, &
Sievers, 1992), reduced pharyngeal peristalsis (Veis & Logemann, 1985), aspiration (Homer
& Massey, 1988; Homer, Massey, Riski, Lathrop, & Chase, 1988; Alberts, Homer, Gray,
& Brazer, 1992), cricopharyngeal dysfunction (Veis & Logemann, 1985; Celifarco, Gerard,
Faegenburg, & Burakoff, 1990), and incomplete relaxation of the lower esophageal sphinc-
ter (Weber et al., 1991). One of the reasons to explain the inconsistent result may be that
most participants included in clinical studies suffered hemispheric cerebrovascular accident,
and hemispheric does not equal to cortical. However, there are studies stating that lesions
on the most lateral part of the precentral gyrus and the posterior portion of the inferior
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frontal gyrus caused hesitancy in the initiation of the swallowing (Meadows, 1973; Robbins
& Levine, 1988; Bastian, 1898, p. 87). Thus, it appears that hemispheric cerebrovascular
accidents may result in dysphagia at the pharyngeal and esophageal stages, as well as the
oral stage of swallowing. Studies of motor control have suggested that the learning of motor
responses depends upon the cortical region (Mosier et al., 1999). The elicitation of mastica-
tion after stimulating the anterolateral region immediately anterior to the precentral cortex
may suggest that this region is the part that coordinates the sequential movement of the
mandible, tongue and facial movements during swallowing.
When the bolus is adequately prepared and ready to be swallowed, the bolus transport
phase begins. The oral transport phase of swallowing is largely under voluntary control via
motor branches of cranial nerves V, VII, and XII (Perlman & Schulze-Delrieu, 1997b, p. 20–
27). The bolus transport phase starts as the musculature of the lips and cheeks contract
followed by tensing of the tongue against the hard palate (Flowers & Morris, 1973). The
tongue rises with the tip and anterior surface contacting the anterior hard palate just pos-
terior to the alveolar ridge. This contact then moves posteriorly, squeezing the food along
the palate ahead of the contact and into the oropharynx. The tongue is drawn toward the
palate by the contraction of posterior belly of digastric, palatoglossus, styloglossus, stylohy-
oid, geniohyoid, and mylohyoid muscles (Donner et al., 1985). The pressure generated by the
tongue during swallowing has been reported to be 30.48±13.41 kPa, and differed as a func-
tion of bolus type but not as a function of age or gender (Robbins, Levine, Wood, Roecker,
& Luschei, 1995; Youmans & Stierwalt, 2006); while the maximum isometric pressures was
gender- and age-dependent, decreased in older individuals and females, and followed the
same trends as hand function (Crow & Ship, 1996). The oral transit time was reported to
vary as a function of bolus type, but not volume, and increased with high viscosity (Dantas
et al., 1990). For dry swallows, however, it was found to be longer than for wet swallows,
and both durations increased with age (Sonies, Parent, Morrish, & Baum, 1988). The bolus
velocity for normal subjects was calculated to be 15.1 cm/sec (Shawker, Sonies, Stone, &
Baum, 1983), and single fastest speed as 305.67 mm/sec (Peng, Jost-Brinkman, Mietheke,
& Lin, 2000).
Along with the contraction of the tongue muscles, the soft palate elevates as the tensor
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veli palatini, levator veli palatini and palatophayngeus muscles contract (Perlman & Schulze-
Delrieu, 1997b, p. 17), thus drawing the velum superiorly against the posterior pharyngeal
wall; meanwhile the superior pharyngeal constrictor muscle contracts to form a convex sur-
face on the posterior pharyngeal wall as it meets the elevated soft palate (Donner et al.,
1985). The elevation of the soft palate is maintained until the bolus tail exits the hypophar-
ynx. It then returns to a rest position (Perlman & Schulze-Delrieu, 1997b, p. 17).
Logemann (Logemann, 1998, p. 29) suggested that the involuntary pharyngeal stage of
swallowing begins when the swallowing reflex triggers at the moment when the bolus head
“passes any point between the anterior faucial arches and [the point] where the tongue base
crosses the lower rim of the mandible,” as seen on a lateral view of a videofluoroscopic
image. Lately, the findings (Stephen, Taves, Smith, & Martin, 2005) that bolus position at
swallow onset is highly variable within and between individules suggest that the triggering
of the pharyngeal stage of swallowing does not depend on bolus location alone. Bolus
taste (Pelletier & Lawless, 2003; Logemann et al., 1995), temperature (Rosenbek, Roecker,
Wood, & Robbins, 1996; Hamdy et al., 2003), and velocity (A. Miller, 1998, p. 8) may also
contribute to trigging of the pharyngeal stage of swallowing. Physically, the bolus location
appears to be a major component of the stimulus for triggering of the swallow (Logemann,
1985). Slowly adapting pressure receptors of the anterior and posterior tonsillar pillars and
of the posterior wall of the pharynx are reported to be responsible for initiation of the
swallow (A. Miller, 1986; Martin & Sessle, 1993). Swallowing has also been reported to be
triggered as the bolus comes in contact with the anterior faucial arches, posterior tongue
movement, or cold stimulation of the pharynx (Ali, Laundl, Wallace, deCarle, & Cook, 1996;
Palmer et al., 1992). The stimulus or stimuli appear to be derived from the end of the oral
stage and are carried by cranial nerves IX and X to the swallowing center in the reticular
formation in the superior portion of the medulla (Carlson, Coleman, & Jurkiewicz, 1993;
Logemann, 1998, p. 30), and by influencing motoneuron and interneuron excitability in the
swallowing central pattern generator in the brainstem.
In general, the physiological mechanisms of the technique that underlines this biofeedback
are unclear. The involvement of higher circuitry in the cerebral cortex, such as corticobulbar,
has been suggested by multiple studies (Sumi, 1971, 1972; Jean & Car, 1979). Fraser (Fraser
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et al., 2003) investigated the effects of water swallowing, pharyngeal stimulation, and oropha-
ryngeal anesthesia on corticobulbar and craniobulbar projections to intact human swallow-
ing musculature with electromyographic measures of the pharynx and esophagus. They
suggested that water and pharyngeal stimulation might help patients with dysphagia regain
safe swallowing ability. However, from a therapeutic perspective, the long term effect of
stimuli on swallow recovery is unclear (Fraser et al., 2003).
When the swallow is triggered, a sequential coordination of bone, cartilage and soft tissue
motion occurs. Anatomically, the pharynx is shared by both respiratory and nutritional sys-
tems. Therefore, the main purpose of the sequential events that occur during the pharyngeal
stage of swallowing, involving soft palate elevation, pharyngeal contraction, glottal closure,
and UES opening, is to move the bolus safely into the esophagus while avoiding entrance
into the larynx.
As described previously, soft palate elevation begins during the bolus transport phase and
is maintained until the bolus tail enters the UES to prevent regurgitation of the bolus into
the nasal cavity. The duration of elevation was reported to range between 0.73 and 0.94
s (0.8±0.04 SE), with a tendency to be longer with a larger bolus (Perlman, 1994; Dua,
Shaker, Ren, Arndorfer, & Hofmann, 1995). Dua (Dua et al., 1995) described that the
onset of soft palate elevation was after the onset of UES relaxation based on manometric
measurement, but the complete closure of the nasopharynx was before physical opening of
the UES based on videofluoroscopic observation. Perlman (Perlman, Ettema, & Barkmeier,
2000) examined the relationship between the time of onset and offset of deglutition apnea
and the position of the soft palate. They reported that the apnea onset began before the
velum elevated in 22% of the participants; apnea offset could be identified when the velum
was in the intermediate position.
Similarly with the oral transport phase, transport through the pharynx is a pressure driven
event. The tongue base plays an important role driving the bolus through the oropharynx
and into the hypopharynx. The tongue moves posteriorly to create a positive pressure which
is the main driving force on the bolus. The rapid posterior movement of the tongue base
toward the posterior pharyngeal wall is due to contraction of styloglossus, stylohyoid, digas-
tric, hyoglossus, geniohyoid and mylohyoid muscles (Martin & Sessle, 1993). Meanwhile, the
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superior, medial and inferior pharyngeal constrictors are primary pharyngeal pressure gen-
erators; the superior and anterior hyoid and laryngeal displacement along with the posterior
tongue and the contraction of three pharyngeal constrictors generate the pressure needed to
propel the bolus through the oral pharynx during swallowing and bolus clearance (Kahrilas,
Logemann, Lin, & Ergun, 1992; Kahrilas, 1993). The serial contraction of the three pha-
ryngeal constrictors begins with the superior pharyngeal constrictor followed by the middle
and then the inferior constrictor (Perlman & Schulze-Delrieu, 1997b, p. 18). This wave acts
to strip the pharyngeal walls of residue (McConnel, Cerenko, & Mendelsohn, 1988; Carlson
et al., 1993).
Beginning with elevation of the soft palate and hyoid bone, the entire pharyngeal tube
is raised, widened and shortened which decreases the resistance inside the tub (Perlman &
Schulze-Delrieu, 1997a, p. 23). The muscles that move the larynx/pharynx in the superior or
inferior direction include the stylopharyngeus, stylohyoid, digastric, palatopharyngeus, ster-
nohyoid, omohyoid, and sternothyroid (Lang & Shaker, 2000). Perlman (Perlman, Schultz,
& Vandaele, 1993) measured the oral pharyngeal pressure by placing a pressure transducer
at the level of below the soft palate. They reported that the peak pressure was 10.87±3.93
kPa without trend of gender, bolus volume or viscosity. However, 16% of the swallows of
62–75 years old subjects showed higher peak pressure values than the swallows of 21–27
year old. By placing a pressure transducer at the base of the tongue, Dodds (Dodds et al.,
1975) and Cerenko (McConnel et al., 1988) reported a mean 16.6±4.8 kPa peak pressure.
The difference in the peak pressures between the two studies may due to the position and
orientation that a pressure transducer was placed (Perlman et al., 1993). The mean dura-
tion of the pharyngeal pressure waveform was reported to be 443 ms, and it is a function
of bolus viscosity, age and gender with thin bolus and young females having a shorter dura-
tion (Dantas et al., 1990; Perlman et al., 1993). Dry swallows had a tendency for a longer
pharyngeal swallow duration than wet swallows (Perlman et al., 1993).
During the pharyngeal stage, laryngeal closure occurs at the level of the true and false
vocal folds, epiglottis, and aryepiglottic folds. This produces a multilayered barrier against
aspiration (Perlman & Schulze-Delrieu, 1997b, p. 18). Meanwhile, the hyoid bone and the
larynx move superiorly and anteriorly by the contraction of the suprahyoid and thyrohyoid
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muscle groups (Perlman & Schulze-Delrieu, 1997b, p. 19), nestling the larynx under the
tongue base and moving it out of the direct path of the incoming bolus. The upward and
forward movement of the hyoid helps to elevate the thyrohyoid complex which in turn helps to
open the UES, pull the larynx away from the alimentary canal, and tilt the epiglottis (Ekberg,
1986; Ekberg & Sigurjonsson, 1982; VanDaele, Perlman, & Cassell, 1995). This process is
conducted mainly by the motor (external) branch of the superior laryngeal nerve (SLN), CN
V, CN VII and CN IX. It has been reported that swallows can be produced by electrical
stimulation of the SLN in experimental animals (Kessler & Jean, 1985; Car & Amri, 1987;
Amri, Lamkadem, & Car, 1991).
The hyoid anterior and superior displacement during swallowing is unique in the hu-
man (Wind, 1976). During the first several months after birth, the hyoid bone is located
high behind the base of the tongue as with non-human mammals, and the larynx is located
behind the hyoid bone and linked via thyrohyoid muscle and ligament (Nrgus, 1949, p. 84).
The epiglottis extends dorsally to contact with the soft palate resulting in a relatively sealed
oral cavity, which is the primary reason that infants can suckle and breathe at the same
time (Nrgus, 1949; Perlman & Schulze-Delrieu, 1997a, p. 107). Within a few months of
birth, the neck begins to elongate, and the larynx begins to descend. The descended larynx
and the elongated pharyngeal cavity increase the chance for aspiration (Palmer et al., 1992).
Therefore, the coordination between a descending bolus and the superior and anterior hyoid
and larynx displacements is essential for swallowing safety.
Following the opening of the UES, the esophageal stage of swallowing begins. Laryngeal
elevation and anterior displacement is largely responsible for opening the UES along with
muscle relaxation and the pressure from an incoming bolus; thus, at the esophageal inlet
a negative pressure differential is created. The lower pressure, combined with the higher
sequential contraction of the upper, middle and inferior pharyngeal constrictors helps to
move the bolus into the esophagus (Perlman & Schulze-Delrieu, 1997b, p. 18).
Although the cricopharyngeus (CP) muscle and the caudal portion of the inferior pha-
ryngeal constrictor are reported to be the muscular component of the UES (Asoh & Goyal,
1978), the CP has been considered to be the primary muscle because it was found to (1) have
a continual basal tone (Tanaka, Palmer, & Siebens, 1986; Elidan, Gonen, Shochina, & Gay,
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1990; Lang, Sarna, & Dodds, 1993); (2) relax during swallowing (Tanaka et al., 1986; Eli-
dan et al., 1990; Lang et al., 1993); and (3) have association between its electromyographic
output and UES pressure (Shipp, Deatsch, & Robertson, 1970; Jacob, Kahrilas, Herzon, &
McLaughlin, 1990). Jacob (Jacob, Kahrilas, Logemann, Shah, & Ha, 1989) suggested that
UES opening could be divided into five phases. The first phase is the relaxation of CP.
This relaxation phase occurred before or at the same time of laryngeal elevation with mean
duration of 0.1 s (Cook, Dodds, Dantas, Massey, et al., 1989; Cook, Dodds, Dantas, Kern,
et al., 1989). The second phase is the opening of CP, which is a consequence of upward and
forward displacement of the larynx secondary to hyoid displacement via submental mus-
cle contraction. The third phase is distension, which is modulated by intra-bolus pressure.
The fourth and fifth phases are collapse and closure; they are the result of the elasticity of
connective tissue and the active contraction of muscle fibers within this sphincter.
The anatomical structure and physiological function of the UES are the essentials of its
unique function. The CP has both slow-twitch and fast-twitch muscle fibers (Brownlow,
Whitmore, & Willan, 1989; Aziz, Rothwell, Hamdy, Barlow, & Thompson, 1996). The
presence of both types of fibers enables the CP to maintain a constant basal tone and yet
rapidly relax in response to a swallow or a belch (Brownlow et al., 1989). Maximum tension
develops when the muscle fibers are at approximately 1.7 times its basal length (Medda
et al., 1997) rather at in situ or basal length itself for most striated muscles. In addition,
the CP contains approximately 40% endomysial connective tissue (Bonington, Whitmore, &
Mahon, 1987; Bonington, Mahon, & Whitmore, 1988), and the muscle fibers insert onto the
connective tissue framework to form a muscular network (Bonington et al., 1987). Because
the CP is highly elastic and does not develop maximum tension at resting length following
sphincter relaxation, the UES can be opened by hyoid anterior and superior displacement and
increased intra-luminal pressure without active relaxation or inhibition of the CP (Medda
et al., 1997).
Although much of the action of the UES during deglutition appears stereotyped, its func-
tion can be modified by sensory feedback. With a larger bolus, the UES pressure relaxes
earlier and longer and the UES lumen opens longer and wider (Dantas et al., 1990). The CP
is innervated bilaterally by the pharyngeal plexus which is formed mainly by the pharyngeal,
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superior laryngeal and recurrent branches of the Vagus nerve, the glossopharyngeal nerve and
the sympathetic branches of the spinal cord, T1-L2 (Mu & Sanders, 1996, 1998). The ma-
jority of the cell bodies of lower motor neurons are located ipsilaterally, in the semicompact
and rostral compact portions of the nucleus ambiguus with additional motor neurons out-
side this nucleus (Bao, Wiedner, & Altschuler, 1995; Kitamura, Ogata, Nishiguchi, Nagase,
& Shigenaga, 1991). The glossopharyngeal nerve and sympathetic may provide important
sensory information from the CP, underlying pharyngeal mucosa, or blood vessels to adjust
CP’s tension (JA Kirchner, 1958).
After the bolus enters the UES, the esophageal stage is characterized by a primary peri-
staltic wave. It has been reported that the wave travels the length of the esophagus at
approximately 3-4 cm/sec, lasting 8–20 sec in normal individuals (McConnel et al., 1988);
mean velocity was reported to be about 3 cm/sec at the level of UES, about 5 cm/sec at
7.5 cm above the lower esophageal sphincter (LES), and about 2.15 at 2.5 cm above the
LES (Humphries & Castell, 1977). Pressure waves in the esophagus are lower and slower
than those in the pharynx. McConnel (McConnel et al., 1988) reported pharyngeal pressures
of 200–400 mmHg at rates of up to 4,000 mmHg/sec, whereas esophageal pressures reached
only 80–140 mmHg with much slower increases. Richter (Richter et al., 1987) reported
that the intra luminal esophageal pressure increases with age, approximately 85 mmHg for
individuals in their 20’s and 110 mmHg for individuals in their 50’s.
Gravity is another factor that influences swallow physiology and pathophysiology. Struc-
turally, it has been found when the position is changed from supine to upright, the soft
palate, epiglottis and entrance of the esophagus move caudally; therefore the oropharyn-
geal cavity is larger in the upright position than in the supine position (Sutthiprapaporn et
al., 2008). The displacement of the hyoid bone, the base of the tongue and larynx during
swallowing in the supine position is similar to that of swallowing in upright position and
less of the bolus flows into the valleculae in the supine position (Shelton, Bosma, & Sheets,
1960). Ingervall and Lantz (Ingervall & Lantz, 1973) reported that in the upright position,
gravitational forces appear to facilitate faster movement of the watery bolus, while the bolus
appears to travel more slowly (0.17 s vs. 0.12 s to pass a point 50 mm below the contour
of the mandible) through the pharynx in the supine position (but not other bolus types).
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Dejaeger (Dejaeger, Pelemans, Ponette, & Vantrappen, 1994) reported a longer pharyngeal
transit time in the supine position than in the upright position with a higher tongue driving
force and a weaker hypopharyngeal suction power. However, Johnsson (Johnsson, Shaw,
Gabb, Dent, & Cook, 1995) tested swallowing function under three positions: upright, hor-
izontal, and 30 degrees head down (inverted), and reported that total swallowing duration,
oral and pharyngeal transit time, pharyngeal peristaltic amplitude and duration, the length
of the bolus in the pharynx, and excursions of the hyoid and larynx were not affected by
body position.
Submental EMG studies support the finding that swallowing physiology is not influ-
enced by body position. By measuring suprahyoid muscle EMG, Inagaki (Inagaki, Miyaoka,
Ashida, Ueda, & Yamada, 2007) found no significant difference in total duration time com-
paring supine with upright, although the duration tend to be shorter when the subjects
on supine. Barkmeier (Barkmeier, Bielamowicz, Takeda, & Ludlow, 2002) found that the
peak amplitude of submental EMG in a supine position did not differ from that in an up-
right position during the swallowing of 2 ml water. Inagaki, Miyaoka, Ashida, and Yamada
(2009) reported that the EMG value at the medium point of the final cumulative EMG of
the submental muscles do not change with position changes.
2.2 Head and Neck Cancer Caused Swallow Disorders
As defined in this paper, head and neck cancer is limited to the common squamous-cell
carcinomas of the oral cavity, pharynx, and larynx. Carcinomas in other areas, such as,
skin, brain, ocular, thyroid and salivary-gland, and the tumors of other histopathologic
types, such as sarcomas and lymphomas, are not the focus of this work.
Early symptoms of head and neck cancer vary depending on the site of the lesion. Swallow
disorders are often cited as a symptom of oral, pharyngeal, and laryngeal cancer both pre-
and post-treatment (Hanson, Bruchmuller, & Nischwitz, 1989; Walther & Deroover, 1991).
Before cancer treatment, head and neck cancer patients may experience swallowing disorders
as a result of the tumor itself, including pain, obstruction, aspiration, sensory dysfunction
and/or swallow discoordination (Muz, Mathog, Hamlet, Davis, & Kling, 1991). It has been
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reported (Pauloski et al., 2000) that 59% of patients, who are diagnosed with oral, pharyn-
geal or laryngeal cancer, complain of swallowing difficulty before treatment; and swallow
function tended to change as a function of tumor stage. In general, except for experiencing
a significantly longer oral transit time, a greater percentage of oral and pharyngeal residue
after the swallow, and shorter UES opening duration, cancer patients have “nearly” nor-
mal swallow function. The site of disease is a determining factor of pretreatment swallow
function. Patients with tongue base or pharyngeal lesions had worse swallowing function,
especially the pharyngeal stage, than patients with laryngeal lesions (Pauloski et al., 2000;
Karnell et al., 1994; Logemann & Bytell, 1979). It has been reported that tongue base
and pharyngeal lesions may cause an abnormally high incidence of multiple liquid swallows,
along with pharyngeal residue and aspiration (Dziadziola, Hamlet, Michou, & Jones, 1992).
The severity of symptoms and poor function after treatment have been reported to be
predictable based on the level of depressive symptoms, a low performance status and cancer
treatment (Graeff et al., 2000). Therefore, the aim of treatment strategies is not only to in-
crease the chance of survival but also to diminish the impact of the consequence of treatment
on quality of life. Primary cancer treatments include surgery, radiation, chemotherapy or
combinations of these treatments (List et al., 1996). Each treatment modality may result in
short and long-term and most often permanent morbidity because of disfigurement, highly
viscous saliva, trismus, dysphagia, airway-speech problems, and shoulder dysfunction (Clark
& Frei, 1989). The standard therapy focuses on the cancer tissue and its surrounding area
with surgery, radiation therapy, or both (Jacobs, 1990), although exceptions do exist, such as
laryngeal cancer, for which radiation and chemotherapy may be main strategies to preserve
vocal function (Fung et al., 2001).
In general, patients with stage I or II disease are treated using either surgery or radiation
therapy with curative intent. For patients with advanced disease (stage III or IV), the
prognosis is less promising. Usually extensive surgery and radiation therapy are used in
sequence unless the patient is unable to undergo surgery or the histology of the tumor prefers
a particular treatment (Adelstein et al., 2003; Gillespie, Brodsky, Day, Lee, & Martin-Harris,
2004). Additionally, chemotherapy may be employed to improve survival rate, decrease the
toxicity of radiation treatment, or both (Gillespie et al., 2004).
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Surgery has historically been the principle treatment modality for certain head and neck
cancers (Shah, 2001, p. 26). The surgery includes excision of the cancer and margin area
to reach the goal of total or near total removal of the cancer while, at the same time,
attempting to maintain function. The location, size, and extent of the tumor, sensation loss
due to the interruption of nerve function as well as the surgical reconstruction procedure can
significantly affect the functional outcome (Vokes, Weichselbaum, Lippman, & Hong, 1993).
The functional deficits encountered are related to the specific anatomic or neurologic
insult produced by the resection (Kronenberger & Meyers, 1994) and the post surgical hyoid
movement has been determined by observing the mobility of the remaining structures (Strek
et al., 2000; Kurita, Uehara, Kojima, & Kurashina, 2002). It has been reported that the
indicator of dysphagia after surgery is not the size of the lesion excised but the area in
which the lesion was located. Dysphagia would mostly likely occur if the surgical excision
involves the base of tongue, soft palate, tonsillar fossa, or arytenoid cartilage (Sessions, Zill,
& Schwartz, 1979; Logemann et al., 1993). Patients undergoing glossectomy and submental
resections have reduced tongue propulsion and lip sensation. Glossectomy influences the oral
stage of a swallow; however, when a portion of the base of the tongue is resected, aspiration
is more likely to occur. Total glossectomy removes a significant portion of the mylohyoid
and geniohyoid muscles (Shah, 2001, p. 109). Significant aspiration after total glossectomy
has been reported (Weber et al., 1991), which is due, at least in part, to the decreased hyoid
displacement.
Supraglottic laryngectomy involves the removal of the epiglottis and preepiglottic space,
aryepiglottic folds, and false vocal folds with preservation of the true folds. Hemilaryngec-
tomy involves excision of the true and false vocal folds and aryepiglottic fold unilaterally,
with sparing of the epiglottis. After surgery most patients are at risk for aspiration (Shah,
2001, p. 174–177). Total laryngectomy removes all laryngeal structures which include the
cricoid and thyroid cartilages, true and false vocal folds, the epiglottis, and the hyoid bone.
Aspiration is not an issue for total laryngectomy patients since the alimentary and respi-
ratory canals are separated. However, research (Nayar et al., 1984; Balfe et al., 1982) has
reported that dysphagia was estimated to occur in 10% to 58% post total laryngectomy pa-
tients secondary to nerve and muscle injury during surgery. The reasons for dysphagia are
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the narrowed hypopharyngeal lumen (Kronenberger & Meyers, 1994), absence of negative
pressure from UES relaxation (Kronenberger & Meyers, 1994), complications after radiation
therapy, recurrent tumor, benign strictures and fistulas (Balfe et al., 1982).
Reconstructive surgery to the head and/or neck can result in somewhat predictable pat-
terns of aspiration. The use of a non-sensate flap to close the empty space after excision
may interfere with the normal sensation needed to trigger the swallow and to guide the bolus
through the oropharynx for efficient swallowing (Pauloski, 2001). Tissue flaps have no motor
function resulting in the loss of propulsive force, and they may obstruct bolus passage if they
are large and bulky. Logemann (Logemann & Bytell, 1979) reported significant longer oral
transit time and more oral residual in the anterior floor of mouth of resection patients when
a tongue flap was used for reconstruction.
Swallow dysfunction after radiation therapy is a combined effect of blood vessel, peripheral
nerve, and muscle injury. The incidence of late complications after head and neck cancer
radiation therapy are determined by variables, such as total radiation dose, fractionation
size, radiated volume (Maciejewski, Preuss-Bayer, & Trott, 1983; Ang, Thames, & Peters,
1997), interfractionation interval, treatment techniques, tissue-dose compensation, and site
and size of the primary tumor (Shah, 2001, p. 400–403) as well as time post treatment.
Necrosis and fibrosis of musculature (Lefebvre et al., 1996) and peripheral nerves (Fahardo,
Berthrong, & Anderson, 2001, p. 362), and the necrosis and fibrosis of musculature and
peripheral nerves secondary to blood vessel, especially microcirculation, injury (Fahardo
et al., 2001, p. 181–182) are the main reasons behind swallowing disorders after radiation
therapy. Some common swallow symptoms reported to occur following radiation therapy
include: reduced tongue-base contact with the posterior pharyngeal wall, decreased laryngeal
elevation, decreased anterior hyoid movement (Lazarus et al., 1996; Eisbruch et al., 2004),
decreased vestibule size and decreased true vocal fold closure during the swallow. These
disorders resulted in pharyngeal residue and aspiration after the swallow. When comparing
normal male controls with post-radiation male patients, a significant decrease in the superior
displacement of the hyoid bone for 1 cc liquid, 3 cc liquid, 20 cc liquid boluses, and 5 cc paste
bolus has been reported; interestingly however, no significant difference was reported between
female radiotherapy subjects and a female normal group (Kendall, McKenzie, Leonard, &
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Jones, 1998). The report by Chang (Y. Chang, Chen, Lui, & Wang, 2003) stated that of
184 nasopharyngeal carcinoma post-radiation patients who had not undergone surgery for
cancer, 19 (approximate 10%) were observed to have “incomplete hyoid bone elevation.”
This was defined as “insufficient upward movement of hyoid bone to the level of inferior
margin of mandible ramus during swallowing.”
Chemotherapy (Shah, 2001, p. 444), aka systemic drug therapy, has been reserved for 1)
shrinking tumors in order to decrease the morbidity of standard therapy and minimize the
need for radical surgery, 2) treating recurrent and/or distant metastatic diseases to increase
the overall rates of survival as well as prevent head and neck cancer from returning after
surgery or radiation treatment, 3) helping decrease symptoms and prolong the lives of pa-
tients whose disease has reached a more advanced stage. There are three general approaches
to the addition of chemotherapy. The first is the use of neoadjuvant chemotherapy, in which a
specific number of chemotherapy cycles are given before standard local and regional therapy
is instituted in order to decrease the size of the tumor and increase the chance of cure with
subsequent surgery or radiation therapy (Clark & Frei, 1989; Vokes, 1992, p. 918–931). The
second approach involves the use of adjuvant chemotherapy in an attempt to eradicate the
microscopic lesions presumed to remain after surgery, radiation therapy, or both approaches.
The third approach involves the use of concomitant chemotherapy and radiation therapy in
an attempt to eradicate systemic microscopic disease while simultaneously enhancing the
cytotoxicity of radiation against macroscopic disease in the head and neck (Vokes & We-
ichselbaum, 1990). In patients with unresectable squamous cell carcinomas of the head
and neck and advanced nasopharyngeal and oropharyngeal cancers, integrated chemother-
apy/radiation has provided higher disease control rates than radiation alone (Shah, 2001,
p. 444).
2.3 Hyoid Bone and Muscle Anatomy
Dysphagia caused by head and neck cancer is a multifactor dysfunction. One of the impor-
tant factors that causes post-treatment dysphagia, no matter post-surgery or post-radiation
therapy, is decreased or absent hyoid displacement. Appropriate hyoid anterior and superior
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displacement pulls the larynx away from the alimentary canal, while providing mechanical
force to open the UES, and tilting the epiglottis to cover the entrance of the larynx (Ekberg
& Sigurjonsson, 1982; Ekberg, 1986; VanDaele et al., 1995). Together with the contraction of
pharyngeal constrictors, stylopharyngeus, palatopharyngues, salpingopharynheus and longi-
tudinal pharyngeal muscle, hyoid elevation raises the entire pharyngeal soft tissue tube (Lang
& Shaker, 2000). Clinically, it has been reported that almost all the cancer treatments, which
result in dysfunction in hyoid displacement, cause swallowing difficulties (Weber et al., 1991;
Lazarus et al., 1996; Kendall et al., 1998; Y. Chang et al., 2003; Eisbruch et al., 2004). There-
fore, investigating changes in hyoid displacement following head and neck cancer treatment
can provide critical information to assist cancer treatment planning and swallow therapy
techniques. To reach this goal, it is crucial to start by understanding the normal anatomy
and physiology of the hyoid bone and attached muscles.
2.3.1 Hyoid bone anatomy
The displacement of the hyoid during swallowing helps to elevate the thyrohyoid complex
which in turn helps to open the upper esophageal sphincter, pull the larynx away from
the alimentary canal, and tilt the epiglottis (Ekberg, 1986; Ekberg & Sigurjonsson, 1982;
VanDaele et al., 1995). The hyoid bone is the only free bone in our body and all its
displacements are caused by contraction or relaxation of the muscles attached to it.
As stated in Zemlin (Zemlin, 1998, p. 23), the horseshoe shaped hyoid bone (Figure 2.1) is
suspended from the tips of the styloid processes of the temporal bones by the stylohyoid liga-
ments. Inferiorly ligaments connect it with the thyroid cartilage, thyrohyoid membrane, and
lateral thyrohyoid ligament. Posteriorly, it connects with the epiglottis via the hyoepiglottic
ligment. The hyoid bone is divided into three portions: body, greater cornu, and lesser cornu.
The body of the hyoid bone is described as a quadrilateral form. The anterior surface is
convex and directed forward and upward. A well-marked transverse ridge with a slightly
downward convexity crosses its upper half, and in many cases it is also divided into lat-
eral halves by a vertical median ridge. The insertion of the geniohyoid muscle is at the
anterior surface both above and below the transverse ridge. A portion of the origin of the
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Figure 2.1: The illustration of hyoid bone (courtesy of LearnBones.com).
hyoglossus merges with the lateral margin of the geniohyoid. Below the transverse ridge are
insertion sides for the mylohyoid, sternohyoid, and omohyoid muscles. The posterior sur-
face of the hyoid body is smooth and concave. The superior border provides attachment to
some aponeurotic fibers of the genioglossus muscle. The inferior border provides insertion to
the sternohyoid muscle medially, and to the omohyoid muscle laterally. The greater cornua
project posteriorly from the lateral borders of the body. There is a tubercle at each end to
which the lateral thyrohyoid ligament is fixed. The upper surface is rough and the origins
of the hyoglossus and medial pharyngeal constrictor attach to it with extending along the
entire length of the cornu. The insertions of the digastric and the stylohyoid are near the
junction of the body with the lesser cornu. The thyrohyoid muscle inserts on the anterior
half of the lateral border. The lesser cornua are two small, pyramidal eminences, attached
on their bases at the junction between the body and the greater cornua. They are connected
to the body by fibrous tissue. The apex of each cornu gives attachment to the stylohyoid
ligament.
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Figure 2.2: The illustration of hyoid muscles (courtesy of Bartleby.com).
2.3.2 Muscles attached on hyoid bone
The muscles connected to the hyoid bone can be divided into two major groups: (a) the group
of suprahyoid muscles, including the digastric, stylohyoid, mylohyoid, geniohyoid, hyoglos-
sus, and genioglossus, and, (b) the group of infrahyoid muscles, including the sternohyoid,
omohyoid, sternothyroid, and thyrohyoid muscle (Perlman & Schulze-Delrieu, 1997b, p. 16–
20). The hyoid bone is supported by the muscles in three directions: superior-anterior,
superior-posterior, and inferior (Zemlin, 1998, p. 122) (Figure 2.2). Their anatomies are
explained as follows.
A. The suprahyoid muscles
Digastric muscle: The digastricus (digastric muscle) consists of two fleshy bellies connected
by an intermediate tendon attached to the junction of the body and greater cornua of the
hyoid (Zemlin, 1998, p. 123). The two bellies of the digastric muscle have different embry-
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ological origins, and are supplied by different cranial nerves. The posterior belly is longer
than the anterior; it arises from the mastoid notch of the temporal bone and the digastric
groove (Zemlin, 1998, p. 123). The posterior belly is supplied by a branch of the facial
nerve (CN VII) (Perlman & Schulze-Delrieu, 1997b, p. 23). The origin of anterior belly is a
depression on the inner side of the lower border of the mandible, close to the symphysis. The
anterior body is supplied by a branch of the trigeminal nerve (CN V) (Perlman & Schulze-
Delrieu, 1997b, p. 20). When the digastric muscle contracts, the hyoid bone is elevated
to stabilize the hyoid during speech and swallowing. When the mandible is stabilized, the
contraction of anterior belly pulls the hyoid anteriorly and superiorly. The posterior belly
pulls the hyoid superiorly and posteriorly (Zemlin, 1998, p. 123). If the hyoid is stabilized
by the infrahyoid muscles, it contribute to the depression of the mandible (Zemlin, 1998,
p. 123).
Stylohyoid muscle: Anterior and superior to the posterior belly of the digastric muscle
is the stylohyoid muscle. The stylohyoid is slim. It originates in the posterior and lateral
surface of the styloid process of the temporal bone and inserts into the body of the hyoid
bone close to the junction with the greater cornu. When the stylohyoid contracts, it pulls the
hyoid bone upward and backward, resulting in elongation of the floor of the mouth (Zemlin,
1998, p. 123). The stylohyoid is controlled by the CN VII (Perlman & Schulze-Delrieu,
1997b, p. 28).
Mylohyoid muscle: Sitting superior to the anterior belly of the digastric, the mylohy-
oid muscle is a flat and triangular shaped muscle that forms the muscular floor of the
mouth (Zemlin, 1998, p. 124). The origin is the entire length of the mylohyoid line of the
mandible, extending from the symphysis to the last molar. The insertion is the body of the
hyoid bone (Zemlin, 1998, p. 124). A median raph, extending from the symphysis menti to
the hyoid bone, connects muscle fibers from the opposite side to form the muscular floor of
the mouth. The mylohyoid muscle is innervated by the mylohyoid nerve, a branch of the
trigeminal nerve (Perlman & Schulze-Delrieu, 1997b, p. 22). Its functions include elevating
the floor of the mouth, the hyoid bone, and the tongue during speech and swallowing. Dur-
ing a swallow, it is one of the main contributors to the initiation of the swallow. In addition,
with the hyoid bone fixed, it may assist in depressing the mandible (Zemlin, 1998, p. 124).
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Geniohyoid muscle: The geniohyoid muscle arises from the inferior mental spine, on the
back of the symphysis menti. The insertion is the anterior surface of the body of the
hyoid bone (Zemlin, 1998, p. 124). The nerve control comes from the hypoglossal nerve
(CN XII) (Perlman & Schulze-Delrieu, 1997b, p. 26). When a bolus of food is transported
from the oral cavity into the pharynx, this muscle pulls the hyoid bone anteriorly and
superiorly (Zemlin, 1998, p. 124), widens the pharynx and helps shorten the floor of the
mouth along with the digastric, mylohyoid, and geniohyoid.
Hyoglossus muscle: The hyoglossus is a thin and quadrilateral shaped muscle. It arises
from the upper border of the body and the greater cornu of the hyoid bone, and extends
upward to enter the posterior and lateral regions of the tongue, between the styloglossus and
inferior longitudinal muscle (Takemoto, 2001). The fibers arising from the body of the hyoid
bone overlap those from the greater cornu. The nerve control is from the hypoglossal nerve
(CN XII) (Perlman & Schulze-Delrieu, 1997b, p. 26). The main function of the hyoglossus is
to depress and retract the tongue to make the dorsum more convex (Zemlin, 1998, p. 124). It
may influence the position of the larynx indirectly by influencing hyoid displacement (Zemlin,
1998, p. 124).
Genioglossus muscle: The genioglossus is a fan-shaped complex extrinsic tongue muscle.
It forms most of the body of the tongue (Napadow, Chen, Wedeen, & Gilbert, 1999). Origi-
nating from the mental spine of the mandible, the lower muscle fibers insert into the body of
the hyoid bone, while the fan-shaped span of upper fibers insert into the whole of the under
surface of the tongue (Zemlin, 1998, p. 124). Innervated by the hypoglossal nerve (Perlman
& Schulze-Delrieu, 1997b, p. 26), this muscle accounts for many tongue positions. A MRI
study (Napadow et al., 1999) indicated that the posterior fibers draw the entire tongue for-
ward to protrude the tip, while contraction of the anterior fibers is responsible for retraction
of the tongue. Contraction of the genioglossus may elevate the hyoid bone and draw it
forward.
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B. The infrahyoid muscles
The infrahyoid muscles lie inferior to the hyoid bone. This group consists of four muscles
that connect the hyoid bone to the sternum, clavicle, and scapula. They also work with
the suprahyoid muscles to provide a stable base for the tongue (Levine & Taub, 2006). The
infrahyoids include a superficial group composed of the sternohyoid and omohyoid muscles
and a deep group composed of the sternothyroid and the thyrohyoid muscles (Levine &
Taub, 2006).
Sternohyoid muscle: The sternohyoid is a flat muscle that originates at the posterior
surface of the manubrium of the sternum, the medial end of the clavicle, and adjacent
ligamentous tissuee (Zemlin, 1998, p. 125). The insertion is at the lower border of the
body of the hyoid bone. The muscles on the two sides come close to one another as they
run upward toward their insertions; they may even contact one another, or appear as a
single muscle. Innervated by the ansi cervicalis, branches of the cervical plexus, the muscle
functions to depress the elevated hyoid bone (Perlman & Schulze-Delrieu, 1997b, p. 26).
Omohyoid muscle: The omohyoid muscle is a long, narrow, two-bellied muscle. It is
located at the anterolateral surface of the neck lateral to sternohyoid muscle. The origin
of the inferior belly is the upper border of the scapula. The fibers then go forward almost
horizontally to insert at the intermediate tendon, which is held in position by tendinous
slips that travel to the sternum and the first rib. The origin of the superior belly is the
intermediate tendon. It then travels vertically and slightly medially upward with insertion
at the lower border of the greater horn of the hyoid bone (Zemlin, 1998, p. 125–126). Unlike
the diagastric muscle, in which the two bellies are controlled by different nerves, both bellies
of the omohyoid muscle are innervated by the ansi cervicalis (Perlman & Schulze-Delrieu,
1997b, p. 26). The omohyoid muscles serve to depress and retract the hyoid (Zemlin, 1998,
p. 126).
Sternothyroid muscle: The sternothyroid muscle is a thin muscle coved by the omohyoid
and sternohyoid muscles. It originates from the posterior aspect of the manubrium and
inserts onto the thyroid cartilage, as the name indicates. Innervated by the ansi cervi-
calis (Perlman & Schulze-Delrieu, 1997b, p. 26), it serves to depress the larynx. Since the
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larynx is connected to the hyoid bone via the thyrohyoid ligament, the thyrohyoid membrane,
lateral thyrohyoid ligment, and thyrohyoid muscle, it depresses the hyoid bone (Zemlin, 1998,
p. 122,114).
Thyrohyoid muscle: Located in the anterior neck, and covered by the omohyoid and
sternohyoid muscles, the thyrohyoid muscle originates at the oblique line of the thyroid
cartilage, and travels upward to insert onto the inferior aspects of the body and greater horn
of the hyoid bone. Innervated by the ansi cervicalis (Perlman & Schulze-Delrieu, 1997b,
p. 26), when the larynx is held in a fixed position, it depresses the hyoid bone; when the
hyoid bone is stabilized, it elevates the larynx (Zemlin, 1998, p. 122).
C. Other muscles that have attachment on hyoid bone
The medial pharyngeal constrictor arises from the hyoid bone and stylohyoid ligament, passes
posteromedially, and inserts in the posterior median raphe (Kahrilas, 1993). It is the only
constrictor that attach to the hyoid bone. During the pharyngeal stage of swallowing,
the superior, medial and inferior pharyngeal constrictors contract serially from superior to
inferior. These contractions serve to (a) work with the base of tongue to push the bolus
through the pharynx; (b) shorten the pharynx for a more efficient swallow; and (c) clear
the bolus from the pharynx (Mcconnel, 1988; McConnel et al., 1988; Palmer, 1998; Kahrilas
et al., 1992). Any effect of the medial pharyngeal constrictor contraction on hyoid bone
displacement has not been reported.
2.4 Swallowing Related Mathematical Modeling and Animation
Various techniques have been applied for studying physiological and biomechanical aspects
of deglutition. Hyoid displacement can be identified using image techniques such as, vide-
ofluoroscopy and ultrasound, which provide information on the movement of anatomic struc-
tures. EMG provides information on muscle activation patterns during swallowing (Perlman,
Palmer, McCulloch, & Vandaele, 1999). These data provide a quantitative description of
the dynamics of swallowing, but they do not explain how muscles work together to produce
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a coordinated pattern, and EMG data alone do not explain how each muscle accelerates the
other at each instant during the swallowing.
Three-dimensional (3D) modeling is relatively recent (Xia et al., 2000) and has risen to
new heights primarily because of the growing belief that this approach can provide more
quantitative explanations as to how neuromuscular and musculoskeletal systems interact to
produce movement. In particular, dynamic modeling allows for the study of the relationship
between structure and function in physiological actions. With the computational resources
now available, computational modeling is believed to be an important tool for studying the
structure and function of human anatomy in biomedicine (Stavness, Hannam, Lloyd, & Fels,
2006; Roberts, Andersen, Deal, Garet, & Shaffer, 1983, p. 17).
Mathematical models have been used extensively to study the biomechanics of the hu-
man musculoskeletal system (Nguyen et al., 2006). Modeling of the voice and speech pro-
duction has been a research approach for decades (Titze, 1989; Story, Titze, & Hoffman,
2001). Recently, 3D modeling began to show its advantage, such as the works of Eng-
wall (Engwall, 2000, 2003) and Pelachaud (Pelachaud, Overveld, & Seah, 1994), which built
a three-dimensional tongue model with emphasis on tongue surface deformation during ar-
ticulation, and the model built by Vogt (Vogt et al., 2006), which modeled the individual
tongue muscle using finite element method (FEM). Swallow related modeling did not appear
until recently and many models were the byproduct of speech and voice related research,
which is not surprising since swallowing was not systematically studied until the 1970’s. Most
of the modeling during swallowing has been based on systemic function, such as mastication
and pharyngeal function.
Unloaded jaw-opening and jaw-closing movements in humans have been extensively inves-
tigated (Koolstra & Eijden, 1997a, 1997b, 2001) as well as maximal biting forces (Koolstra,
Eijden, Weijs, & Naeije, 1988) by representing the muscles of mastication, or a particular
subgroup of them, as one dimensional elastic strings. Similar representation has been used
to investigate patterns of bone remodeling (Ichim, Swain, & Kieser, 2006), to estimate tem-
poromandibular joint reaction forces (May, Saha, & Saltzman, 2001), to predict tensions,
deformations (Koolstra & Eijden, 2005), and volumetric strain of the temporomandibular
joint cartilage (Koolstra & Eijden, 2006), and to assess loading conditions of a temporo-
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mandibular joint prosthesis (Loon, Otten, Falkenstrom, Bont, & Verkerke, 1998). Mastica-
tion modeling provides a basic understanding of the masticatory process, which is essential
for assisting maxillofacial surgeons with the development of improved surgical technique.
Tongue models have also been built to study swallow related issues. After dissecting
cadavers, Takemoto (Takemoto, 2001) built a three-dimensional model of a tongue to de-
scribe the muscle fiber direction and the interrelationship of intrinsic tongue muscles in
detail. Dynamic models have been constructed using both mass-spring systems (Dang &
Honda2004, 2004) and finite element methods (Wilhelms-Tricarico, 1995; Ge´rard, Ohayon,
Luboz, Perrier, & Payan, 2004; Vogt et al., 2006). Napadow (Napadow, Kamm, & Gilbert,
2002) studied the contraction of superior longitudinalis and transverses muscles and their
interaction during tongue motion by building a 2D model of the sagittal plane of the tongue.
Pharyngeal and esophageal biomechanical functions have also been studied by several
researchers. A 3D model of the oropharynx during swallowing was created by Kahri-
las (Kahrilas, Lin, Chen, & Logemann, 1995). In 2000, Kim (Kim, McCulloch, & Rim,
2000) published a pharyngeal model using the finite element method to explain pharyngeal
bolus transport; similar work was also done by Chang (M. Chang, Rosendall, & Finlayson,
1998). In 1991, Brasseur (Brasseur & Dodds, 1991) proposed a biomechanical esophageal
model based on fluid mechanics that showed movement through the circular section of a
tube by periodic sinusoidal contraction simulating bolus transport by esophageal peristaltic
motion. The authors of these two studies suggested the possibility of extending the models
from normal swallowing to abnormal swallowing function.
Recent modeling studies have focused on hyoid displacement during swallowing. Stavness
(Stavness et al., 2006) created a 3D computation model of jaw and laryngeal structure
based on CT data. A set of straight-line Hill-type muscles were attached to the model. To
simulate swallowing, the temporalis, masseter, and medial pterygoid muscles were activated
to elevate and stabilize the mandible. Although the main focus of the study was not on
hyoid displacement, one of its applications was to animate the hyoid anterior and superior
displacement. The model gave a consistent prediction of the magnitude and duration of
upward and forward translation of the laryngeal complex.
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2.5 Skeletal Muscle Physiology
2.5.1 The framework of skeletal muscle
Muscle is divided into three categories: skeletal, cardiac and smooth muscle. A single
skeletal muscle cell is called a fiber, and the plasma membrane of muscle fibers is known
as the sarcolemma. Skeletal muscle fibers are multinucleated and can be as long as two
centimeters. Inside the sarcolemma is the sarcoplasm, containing all the common subcellular
elements, such as mitochondria for the oxidative metabolism of nutrients, all the machinery
for protein synthesis, and long prominent myofibrils. Each myofibril is composed of bundles
of filamentous contractile proteins. Myofibrils are the most important elements in skeletal
myofibers, which make up about 60% of myofiber protein.
The sarcomere is structural unit of a myofiber represent the minimal contractile unit of a
muscle. Proteins, at the junctions between sarcomeres, form the Z line, and thus a sarcomere
extends along a myofibril from one Z line to the next Z line (Engel & Franzini-Armstrong,
2004, p. 38). Sarcomeres are composed mostly of actin thin filaments and myosin thick
filaments. It is the coordinated contraction and elongation of millions of sarcomeres in a
muscle that give rise to mechanical skeletal activity.
Each muscle is made up of bundles of these fibers, or cells, covered in a matrix of connective
tissue known as the endomysium. The bundle of fibers with its endomysium is surrounded
by a more fibrous connective tissue sheath known as the perimysium. The composite of the
perimysium and its contents is known as a fasciculus. A complete muscle consists of numer-
ous fasciculi surrounded by a thick outer layer of connective tissue known as the perimysial
septa. The translation of contractile activity of individual muscle fibers to anatomical mo-
tion takes place through this continuous system of connective tissues and sheaths, which
ultimately meld into the tendons.
2.5.2 The motor unit
A motor unit is the name given to a single alpha motor neuron and all the muscle fibers
it innervates, it is the brains smallest functional unit of force development control. In the
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body, there are proximally 250 million skeletal muscle fibers and 420,000 motor neurons.
Each motor neuron stimulates an average of approximately 600 muscle fibers (Engel &
Franzini-Armstrong, 2004, p. 36). The size of a motor unit varies considerably according to
the muscles function. Muscles with high force demands but low fine control demands, such
as the quadriceps muscle, are organized into larger motor units, and may have as many as
2000 fibers per motor unit. Muscles controlling high precision movements are organized into
smaller motor units. For example, finger movement and eye movement may have about 10
fibers per motor unit. It has been reported (English & Blevins, 1969) that the cricothyroid
has an average motor unit-muscle fiber ratio of 29.8, and a similar ratio may apply on the
other intrinsic laryngeal muscles. Once a motor neuron is stimulated, all the muscle fibers
that it controls are stimulated synchronously.
2.5.3 Skeletal muscle contraction procedure
As described by Engel (Engel & Franzini-Armstrong, 2004, p. 56), the sarcolemma has the
capacity to propagate an action potential. Thus, skeletal muscle cells are excitable and are
subject to depolarization by the neurotransmitter acetylcholine, released at the neuromuscu-
lar junction (Costanzo, 2002). Once a motor neuron fires, the action potential is transmitted
to where the nerve contacts the muscle, the neuromuscular junction, or the motor end plate,
via axons. Thus, acetylcholine is released from the axon end to cross the space of the neuro-
muscular junction to depolarize the sarcolemma, which then results in the cell’s sarcoplasmic
reticulum releasing ionic calcium (Ca2+), which then interacts with the regulatory protein
troponin. Calcium-bound troponin undergoes a conformational change that leads to the
movement of tropomyosin, subsequently exposing the myosin-binding sites on actin. This
allows for myosin and actin ATP-dependent cross-bridge cycling and shortening of the mus-
cle. Thus, all of the innervated muscle fibers of that particular motor unit are elicited. The
sum of all this electrical activity is known as a motor unit action potential (MUAP). This
electrophysiologic activity from multiple motor units is the signal typically evaluated during
an EMG. As the force of the muscle increases, an increasing number of muscle fibers pro-
duce action potentials. When the muscle is fully contracted, there should appear a disorderly
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group of action potentials of varying rates and amplitudes. The composition of the motor
unit, the number of muscle fibres per motor unit, the metabolic type of muscle fibres and
many other factors affect the shape of the motor unit potentials in the myogram. In skeletal
muscle, the action potential is brief and the action potential is completed prior to the onset
of force production.
2.6 Research Goals
As described previously, swallowing is a critical function for survival, and the oral intake of
food and liquid contributes to emotional and social well being. However, swallowing can be
quit fragile. Head/neck cancer and related treatment are major factors that cause dysphagia.
Huge healthcare costs and even some deaths could be avoided if physicians had more powerful
tools to help them perform comprehensive analysis of the possible functional changes of
patients after cancer-related head and neck treatment. Variables, based on parameters
including the size, site, type and possibly metastasis of the cancer, and treatment approaches
could assist in decision making. Therefore, a 3D dynamic model of swallowing, which is able
to animate swallow function and predict post-treatment swallow pathophysiology, is needed.
At this initial stage, in order to better understand the physiology of a safe swallow, this
study focused on hyoid displacement, the muscle force that drives the displacement and
the UES opening secondary to the hyoid displacement. The physiological complexity of
swallowing and the fact that the muscle forces cannot be measured experimentally make
mathematical models of the muscles of mastication indispensable for analyzing swallowing.
Therefore, a 3D mathematical model of the hyoid bone, infra-hyoid muscles, supra-hyoid
muscles, and UES during intact swallowing was constructed. Eventually this model will
be further developed to assist surgeons in determining improved surgical reconstruction
techniques that focus not only on preservation of life, but also on improving the quality of
life.
In this study, four males were chosen to participate because head and neck cancer is more
common in males than females (Do¨bro`ssy, 2005). In this study only the following muscles
and tissues that are critical to swallow safety were modeled: submental muscles (SM), which
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represented geniohyoid, mylohyoid and anterior belly of digastric; infra-hyoid muscles (IH),
which represented omohyoid and sternohyoid; posterior belly of diagestric (PBD), which
represented not only itself but also the muscles that run the same direction with it, including
stylohyoid, stylopharyngeal, pterygopharyngeal and palatopharyngeal muscles; thyrohyoid
(TH), which represented all the structures between the hyoid bone and the anterior boundary
of the UES, such as the thyrohyoid muscle and larynx; UES, which represented itself; and
the superior movement of the UES was modeled using the distance between the posterior
boundary of UES and the anterior-inferior corner of cervical vertebrae 7 (C7), which was
denoted as RF. Although there are other anatomical structures involved in swallowing, they
were not included in this study either because of the functions they provided were not the
focus of this study, such as soft palate, or the detailed anatomical position and the muscle
length change during swallowing cannot be determined and measured on our current MRI
images, such as the styloglossus and superior pharyngeal constrictor.
2.7 Hypothesis
Previous literatures have indicated that the SM mm. are the main contributors to the UES
opening (Ekberg, 1986; Ekberg & Sigurjonsson, 1982; VanDaele et al., 1995). Therefore,
we hypothesized that the 3D model would also provide us the similar result. The IH has
been reported to be related with UES opening (Lang & Shaker, 2000). However, based on
the anatomical position of the IH mm., this conclusion seems inconsequent. Therefore, we
hypothesized that SM muscle contraction would be the main contributor to UES opening;
IH muscle would mainly contribute to the stabilization of hyoid bone. The function of the
PBD and the muscles that run the same direction with it have not been scientifically studied
due to their anatomical position which is not easy to approach, the small size of the muscle
bundles and complicated surrounding anatomical structures. In this study, the dynamic
MRI provided us the possibility to measure the PBD length change during swallowing, and
mathematical modeling made the muscle force estimation possible. The combination of these
two techniques would provide us the possibility to evaluate the contribution of PBD on the
hyoid displacement. We hypothesized that and the PBD contributes to the hyoid superior
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Three steps were done to build this mathematical model during normal swallowing based
on MRI images: MRI data acquisition, measurement of muscle length change during swal-
lowing on MRI images, and construction of 3D mathematical modeling based on the MRI
measurement using the lambda (λ) model (Feldman 1986). After building the model, model
evaluation, reliability test and statistical analysis were also done.
3.1 MRI Acquisition
Subject. Four healthy male adults ranging from 20 to 24 years of age (two Asians and two
Caucasian) were involved in this study. All subjects were fluent English speakers. Before
participation, an oral mechanism examination assessed the structure and function of the oral
cavity and related structures. An informal speech language screening was also performed.
In order to exclude claustrophobia, metal implants, wires and pace-makers, the standard
MRI exclusion criteria form (the BIC Safety Screening Form, Appendix A) was completed
by each participant.
Equipment. Head and neck coils of the Magnetom Trio 3T (SIEMENS), located at
the Biomedical Imaging Center (BIC) of the University of Illinois at Urbana-Champaign
(UIUC), were used to collect images of the head and neck region.
A specially designed system for controlled liquid release was used (Malandraki, Sutton,
Perlman, Karampinos, & Conway, 2009). The system consists of a clear plastic infusion tube
(7 feet long), a hand-held syringe (of 60 ml capacity), and a one-way flow valve. The tube
is a clinical standard adult nasal cannula with the nasal insertion portion removed. The
system is controlled by the experimenter and allows controlled volumes (5 ml, 10 ml 15 ml
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and 20 ml) of water to be injected into the oral cavity of participants. Water was at room
temperature.
MRI acquisition procedure. The end of the one-way flow valve water infusion tube
was placed into the oral cavity (just beyond the lips). Participants lay supine on the magnet
table wearing foam ear plugs to reduce scanner noise. Head movements were minimized with
foam padding and an elastic strap.
The scans included 3D structural scan of the head and neck area and 2D dynamic scan of
the midsagittal plane of the oral cavity and pharyngeal cavity during swallowing. The 3D
scan took five minutes, and each 2D scan took approximately 2 minutes. The participants
were in the scanner for less than 30 minutes. During the collection of dynamic MR images
at the midsagittal plane, each participant was given four of each sequence of 5 ml, 10 ml, 15
ml and 20 ml of water whenever he indicated that he felt ready to swallow another bolus.
MRI technical description. The static MRI was collected with a T2-weighted variable
flip-angle magnetic resonance sequence (SPACE: Sampling Perfection with Application opti-
mized Contrast using different flip angle Evolution). The MRI acquisition parameters were:
acquisition matrix size: 256×192×160 pixels, field of view: 256×192×160 mm3, repetition
time: 2500 ms, echo time: 354 ms. The sequence resulted in 1 mm isotropic resolution and
took approximately 4 minutes to acquire. Dynamic MRI of hyoid bone and UES activities in
the midsagittal plane were collected using a multi-shot spiral fast low-angle shot (FLASH)
sequence with a spatial resolution of 1.875 mm × 1.875 mm and a natural frame rate of
16–17 images per second.
3.2 Data Measurement
Image-based measurements of muscle lengths were performed using ImageJ (National Insti-
tute of Health, http://rsbweb.nih.gov/ij/). On the static 3D MRI, the coordinates of muscle
origins and insertions of SM, IH, PBD muscles, the most anterior and posterior edges of the
UES, as well as the most anterior-inferior corner of cervical vertebrae 7 (C7) of each subject
were identified. Then, the midsagittal dynamic MRI of swallowing was visually aligned with
the 3D MRI in order to identify the coordinate of muscle origians and insertions during
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swallowing.
Intra- and inter-investigator reliability. Intra-rater reliability was tested by the
primary investigator, who re-measured 20% of the data set (12 swallows) after a two-week
interim. Inter-rater reliability was tested by asking a second transcriber to identify muscle
origin and insertion points on measuring 20% of the data set (12 swallows). The second
transcriber was a well trained computer scientist with several years of experience in swallow
related research. An intra-class correlation coefficient (ICC) was used to test the reliabilities.
3.3 Mathematical Modeling
Lambda (λ) model. After data measurement, a physiologically-based model of motor
control was used, specifically the λ model (Feldman, 1986). This model was used to extract
the relative forces of the muscles of interest, as a function of time, by fitting the param-
eters (second order dynamic model) using a constrained mean squared error minimization
algorithm.
The main contribution of the λ model is to provide an explicit construction of the un-
measurable neurophysiological commands of the CNS. In this model, l represents the actual
muscle length, and l0 represents the nominal length, which is the length planned by the
cortical and subcortical regions for the muscle, in order for it to achieve a target. To reach
a target, the l0 is re-planned at each unit of time after sensing the l, and the l changes at
each unit of time in order to approach the new l0.
In this study, muscle force was modeled as a damped spring system, in which the active
force of the contractile element is transmitted to the skeleton through the elastic element
in series. The damped spring system is showed in Equation 3.1. Let F denote the muscle
force, k the spring constant, l the actual muscle length, l0 the nominal length, r damping
coefficient, and v the velocity of muscle length changes. In Equation 3.1, kl0 represents a
muscle’s contractile elements which provide its active force through the actin and myosin
reaction mechanism. The muscle’s viscoelastic property is modeled as a spring, −kl − rv,
which represents the noncontractile elements of a muscle and is responsible for the passive
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force.
F = −k(l − l0)− rv (3.1)
Three groups of muscle forces were simulated including SM, IH and PBD; each muscle
group contained both left and right sides symmetrically with a total of six muscle forces in
consideration. The coordinates of origin of SM, IH and PBD were assumed to be fixed at











0 . The coordinates of insertion of SM, IH and
PBD were identified on each frame to derive time series, denoted as SML, SMR, IHL, IHR,
PBDL and PBDR, for each time data point.
In addition, the anterior and posterior edges of the UES and the most anterior-inferior
point of C7 were also identified on dynamic MRI, denoted as UESa, UESp and RF . The
UES was treated as a passive spring located between the most anterior and posterior edges;
the posterior edge did not move anterior-posteriorly. An active spring was added between
the hyoid bone and the most anterior edge of the UES to represent the larynx, thyrohyoid
and other structers between the hyoid bone and the UES. The two endpoints of this spring
were denoted as THs and TH i. The distance between UESp and RF was treated as a
passive spring representing the esophageal soft tissue. The two endpoints of this spring were
denoted as RF s and RF i as showed in Figure 3.1.
Finally, the coordinates of the hyoid on each frame were recognized as another time series,
denoted as H. Therefore, the input to the 3D dynamic model included: (1) muscle origin










0 , (2) time series of muscle insertion – SM
L,
SMR, IHL, IHR, PBDL and PBDR, (3) time series of hyoid movement – H, and (4) time
series of UES, TH and RF– UESa, UESp, THs, TH i, RF s and RF i.
For each data point in the muscle time series, we calculated the muscle length l, the speed
of length change v, and the acceleration of length change a. Each time series was up sampled
at 0.033 sec/frame. Using SM as an example, the muscle length was calculated as shown
below. Note, M denotes the total number of frames (i.e., suppose the duration of swallowing
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Figure 3.1: The locations of active and passive springs.
video is T seconds, then M = T × 30).
lSM
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(3 ≤ i ≤M − 1, t = 1
30
sec) (3.4)















, and F TH
R
, could then be formulated by placing l and v into
the muscle force equation with l0, k and r as unknowns, as mentioned in Equation 3.1.
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The time series of muscle forces of UES and RF, denoted as FUES and FRF , could then be
formulated by placing l into the muscle force equation with l0, and k as unknowns. These
forces were summed up to formulate the composite force F , i.e., F = F SM +F IH +F PBD +
FUES + F TH + FRF .








(1 ≤ i ≤M, t = 1
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sec) (3.5)




We estimated the mass of hyoid bone, mh, as 5 grams. No data were found to support
this estimation, however, previous clinical experience in the gross anatomy laboratory and
in surgery led to this estimation. The time series of muscle force based on hyoid movement,
denoted as FH , could be computed as:
FHi = mh × hai (1 ≤ i ≤M) (3.7)
The unknowns of l0, k and r could then be estimated by aligning the time series of F with
the time series of FH together:
F = FH (3.8)
Since the set of equations was non-linear, we chose the Nelder-Mead method (a.k.a. down-
hill simplex method) as the non-linear optimization technique for the estimation of the un-
knowns in a multi-dimensional space (Nelder & Mead, 1965). The goal was to minimize an
objective function. In this work, the objective function was defined as the squared error
between F and FH . The Nelder-Mead method was executed in several iterations until either
the error could not be further reduced or it was below a certain threshold. To begin, a set of
candidate points, {p0, p1, ...pN}, was chosen from the space of unknowns which constituted
the searching area, an (N + 1)-point polyhedron. Each candidate point was a vector with
each element representing one unknown (i.e., initial guess). In each iteration, the method
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generated a new candidate point by extrapolating the behavior of the objective function
observed at each candidate point. More specifically, the squared error between F and FH
of each point was calculated. Based on that, a new set of candidate points was produced
where one point was removed and one new point was added through particular calculation
steps such as reflection, reduction and contraction. The heuristics behind the algorithm
are designed to reduce the searching area while guaranteeing that the new set of candidate
points will not generate worse results. Therefore, each iteration made one step toward the
convergence.
3.4 Experiment and Model Evaluation
Using Matlab (Mathworks 2010), the measured muscle length change during swallowing of
each swallow/volume/subject was inserted into the equations described above. These values
were then used in the modeling process to estimate the parameters of k, r, and l0. Once the
modeling was completed, muscle force changes of SM, IH, PBD, UES and RF could then be
calculated using those parameters.
After building the model, the curves of each muscle length change and force change during
swallowing were plotted. The muscle length was determined in pixels. By applying the 1.875
mm voxel dimension in both the x- and y- directions, the muscle length changes and the
force changes were converted into standard units in terms of centimeters and Newtons.
For each swallow, the maximum and minimum muscle length and force, and their corre-
sponding frame numbers were recorded. The frame number when the UES began to open
was also recorded as the starting frame. The standardized frame numbers of maximum and
minimum muscle force and length were calculated by subtracting the index of the starting
frame from the original frame number.
Once the unknowns of k, r, and l0 were derived, the model was evaluated through cross-
swallowing comparison. For each subject, the first 15 swallows were extracted to compute
the average of muscle forces. Then, a conditional correlation test was performed between the
average and the 16-th swallow. The model predicted 6 muscle forces in time series, with each
instant corresponding to one frame of the swallow video. Thus, the correlation test involved
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the comparison of two (M × 6) matrices where M was the total number of frames. Another
approach to evaluate the model was performed using the temporal pattern of the maximum
muscle force. For each subject and each muscle, the frame numbers of the maximum muscle
force of the first 15 swallows were identified. In total, 60 data points from the four subjects
were grouped together. Then, the 16-th swallow of each subject was grouped to form the
second data point set. Then a student’s t-test was performed between the two data sets for
each muscle.
3.5 Statistical Design
Because the muscles of interest in this study are connected to one another, when considering
the correlation between any two of the muscles, holding the remaining four muscles stable
was necessary. Therefore, the correlations calculated in this study were all conditional
correlations. In order to calculate the conditional correlation, the correlation matrix of the
frame numbers when SM, IH, PBD, TH, UES and RF reached maximum and minimum force
and length were calculated. Based on this correlation matrix, the conditional correlations of
SM, IH, TH, and PBD maximum force and maximum UES opening were then derived from
Pearson’s product-moment coefficient. The conditional correlations of SM, IH, TH, and PBD
maximum force and maximum UES superior displacement were derived in a similar manner.
Conditional correlations between the maximum forces of SM, IH, PBD and TH were also
derived. A linear regression was applied to test the linear relationship of subject/volume
effect, the factors that influenced UES opening, UES superior movement and maximum SM
and IH muscle forces. Finally, a student t-test was used to compare the timing of maximum




In this chapter, we present the experimental findings of the study, based on four subjects
given 5 ml, 10 ml, 15 ml, and 20 ml volume of water for swallowing. Each swallow was
performed four times, resulting a total of 64 MRI samples. Out of the many results, we are
mostly interested in those that relate to the model such as changes of muscle length and
muscle force during swallowing. The results were distilled through analysis in terms of reli-
ability testing, quantitative model evaluation, qualitative model evaluation, and statistical
measure. For completeness, raw data can be found in Appendix B.
4.1 Measures Reported
Due to the limitations of the search algorithm, the absolute value for each of the estimated
muscle forces could not be used directly for comparison. The algorithm ends up in a local
optimum which may be inconsistent across all the muscles and across swallow for all the
subjects, e.g., it is possible to add a constant extra force symmetrically to all six muscles
without changing observed kinematics. For this reason, measures of muscle force reported
in this study should be interpreted as a mathematical description of muscle kinematics,
useful for comparison of different swallows, but not necessarily identical to the physical
forces. Therefore, the direct use of estimated force values will not be appropriate. Rather,
the standardized frame number or the relative timing when muscle force or length reached
the maximum or minimum can provide more reliable information regarding the temporal
pattern of muscles behavior during swallowing. Consequently, frame numbers were used for
data analysis. The standardized frame numbers when each of the muscles reached maximum
and minimum force and length are denoted using symbols shown in Table 4.1.
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Table 4.1: The denotation of the frame number when maximum and minimum muscle force
and length were reached.
Meaning of the frame number Denotation
Estimated Maximum SM force MaxSMF
Estimated Maximum IH force MaxIHF
Estimated Maximum PBD force MaxPBDF
Estimated Maximum TH force MaxTHF
Estimated Maximum UES force MaxUESF
Estimated Maximum UES to reference force MaxRFF
Estimated Minimum SM force MinSMF
Estimated Minimum IH force MinIHF
Estimated Minimum PBD force MinPBDF
Estimated Minimum TH force MinTHF
Estimated Minimum UES force MinUESF
Estimated Minimum UES to reference force MinRFF
Measured Maximum SM length MaxSML
Measured Maximum IH length MaxIHL
Measured Maximum PBD length MaxPBDL
Measured Maximum TH length MaxTHL
Measured Maximum UES length MaxUESL
Measured Maximum UES to reference length MaxRFL
Measured Minimum SM length MinSML
Measured Minimum IH length MinIHL
Measured Minimum PBD length MinPBDL
Measured Minimum TH length MinTHL
Measured Minimum UES length MinUESL
Measured Minimum UES to reference length MinRFL
A linear regression was applied on the MaxSMF to test inter-subject/volume variation.
No significant subject/volume effect was found. Similar testing was also done on MaxIHF,
MaxPBDF, MaxTHF, MaxUESF, MaxRFF, MinSMF, MinIHF, MinPBDF, MinTHF, Min-
UESF, MinRFF, MaxSML, MaxIHL, MaxPBDL, MaxTHL, MaxUESL, MaxRFL, MinSML,
MinIHL, MinPBDL, MinTHL, MinUESL, and MinRFL. No significant inter-subject or inter-
volume effects were found (Table 4.2). Therefore, for data analysis, all the swallows from
one subject were pooled together.
42
Table 4.2: Test inter-subject/volume variation.
subject volume
MaxPBDF p = 0.74 p = 0.87
MaxSMF p = 0.67 p = 0.34
MaxIHF p = 0.24 p = 0.65
MaxTHF p = 0.69 p = 0.53
MaxUESF p = 0.58 p = 0.54
MaxRFF p = 0.37 p = 0.28
MinSMF p = 0.39 p = 0.34
MinIHF p = 0.65 p = 0.76
MinPBDF p = 0.67 p = 0.19
MinTHF p = 0.54 p = 0.82
MinUESF p = 0.78 p = 0.57
MinRFF p = 0.31 p = 0.12
MaxSML p = 0.43 p = 0.28
MaxIHL p = 0.34 p = 0.78
MaxPBDL p = 0.42 p = 0.59
MaxTHL p = 0.12 p = 0.78
MaxUESL p = 0.34 p = 0.76
MaxRFL p = 0.39 p = 0.23
MinSML p = 0.65 p = 0.29
MinIHL p = 0.87 p = 0.23
MinPBDL p = 0.18 p = 0.34
MinTHL p = 0.32 p = 0.41
MinUESL p = 0.76 p = 0.33
MinRFL p = 0.46 p = 0.35
4.2 Reliability Testing
The ICC for inter-rater reliability showed no statistically significant difference between mea-
surements made by the two investigators (0.81). The ICC for intra-rater reliability showed no
significant difference between the two measurements, made two weeks apart, by the primary
investigator (0.92).
4.3 Quantitative Model Evaluation
As mentioned in Chapter 3, two approaches were adopted in the model evaluation. In
the first approach, the model was evaluated through cross-swallowing comparison based on
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averaging. For each subject, the first 15 swallows were extracted to compute the average of
muscle forces. Then, a conditional correlation test was performed between the average and
the 16-th swallow. The model predicted 6 muscle forces in time series, with each instant
corresponding to one frame of the swallow video. Thus, the correlation test involved the
comparison of two time series expressed as M × 6 matrices (where M denoted the total
number of frames).
The correlation results were presented in Table 4.3. As seen, the correlation was not
significant, suggesting that the mapping from observed swallow kinematics to implied muscle
forces was not sufficiently deterministic in terms of magnitude.
Table 4.3: The conditional correlation among the average muscle force from the first 15
swallows and the 16th swallow.
Subject Muscle Force r value t value p value
Subject 1
Avg SM vs. 16th SM 0.09 0.70 0.75
Avg PBD vs. 16th PBD 0.03 0.10 0.59
Avg IH vs. 16th IH 0.07 0.55 0.71
Avg TH vs. 16th TH 0.11 0.87 0.81
Avg UES vs. 16th UES 0.08 0.63 0.73
Avg RF vs. 16th RF 0.04 0.32 0.63
Subject 2
Avg SM vs. 16th SM 0.20 1.60 0.94
Avg PBD vs. 16th PBD 0.17 1.35 0.91
Avg IH vs. 16th IH 0.09 0.70 0.75
Avg TH vs. 16th TH 0.07 0.55 0.71
Avg UES vs. 16th UES 0.13 1.03 0.85
Avg RF vs. 16th RF 0.05 0.39 0.65
Subject 3
Avg SM vs. 16th SM 0.11 0.87 0.81
Avg PBD vs. 16th PBD 0.09 0.70 0.75
Avg IH vs. 16th IH 0.04 0.32 0.63
Avg TH vs. 16th TH 0.06 0.47 0.68
Avg UES vs. 16th UES 0.14 1.11 0.86
Avg RF vs. 16th RF 0.04 0.32 0.63
Subject 4
Avg SM vs. 16th SM 0.10 0.79 0.78
Avg PBD vs. 16th PBD 0.09 0.70 0.75
Avg IH vs. 16th IH 0.08 0.63 0.73
Avg TH vs. 16th TH 0.05 0.39 0.65
Avg UES vs. 16th UES 0.12 0.95 0.82
Avg RF vs. 16th RF 0.07 0.55 0.71
The second test evaluated the validity of the model in terms of the reproducibility of
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important landmark times in the predicted muscle kinematics. For each subject and each
muscle, the frame numbers of the maximum muscle force of the first 15 swallows were
identified. In totally 60 data points from the four subjects were grouped together. Then,
the 16-th swallow of each subject was grouped to form another data set. Then, a Student’s
t-test was performed between the two data sets.
The results were presented Table 4.4. The difference between the first 15 swallows and
the 16th swallow of each subject was not significant for SM, PBD, IH, TH, UES and RF,
suggesting that the mapping from observed swallow kinematics to implied muscle force
change was sufficiently deterministic in terms of temporal trend.
Table 4.4: The comparsion of the timing of the maximum muscle force between the first 15
swallows and the 16th swallow of each subject.
Muscle Force df value t value p value
MaxSMF vs. 16th MaxSMF 62 0.46 0.64
MaxPBDF vs. 16th MaxPBDF 62 1.37 0.17
MaxIHF vs. 16th MaxIHF 62 0.97 0.34
MaxTHF vs. 16th MaxTHF 62 0.59 0.55
MaxUESF vs. 16th MaxUESF 62 0.05 0.96
MaxRFF vs. 16th MaxRFF 62 0.89 0.37
4.4 Qualitative Model Evaluation
A total of 64 swallows were measured and analyzed from four subjects. The figures of muscle
length change and muscle force change during swallowing are listed in Appendix C. Multiple
swallows (Appendix B) were found on all four volumes of swallows likely due to the fact that
the participants swallowed while supine and tried to be cautious. The length change of each
muscle for each subject is listed in Table 4.5.
For most of the swallows, 53 out of 64 (83%), the trend of SM length followed a concave
shape; the trend of PBD length followed a concave-convex shape in 43 out of 64 swallows
(67%); the trend of IH length followed a convex shape in 45 out of 64 swallows (70%); the
trend of UES length followed a bell shape in 55 out of 64 swallows (86%); and the trend
of RF length followed a bell shape in 56 out of 64 swallows (87%, Figure 4.1). No obvious
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Table 4.5: The muscle length change for each subject in centimeters.
SM IH PBD TH UES RF
Subject 1
Max 0.8 2 1.1 1.1 1.9 3
Mean 0.4 0.8 0.3 0.42 0.76 0.96
Subject 2
Max 0.52 2.6 1.6 1.2 1.5 2.6
Mean 0.19 0.48 0.36 0.52 0.74 0.98
Subject 3
Max 0.94 1.81 1.62 1.2 1.82 2.04
Mean 0.4 0.54 0.4 0.46 0.62 0.89
Subject 4
Max 1.01 2.6 1.1 1.02 1.01 2.09
Mean 0.34 0.56 0.28 0.4 0.56 0.86
trend was observed for other muscle length or force changes.
The hyoid reached maximum superior position earlier than the maximum anterior position
in 21 of the swallows (33%) ranging from 0.03 - 0.27 s, the opposite included 42 swallows
(65%) ranging from 0.03 - 0.30 s, and one swallow had the hyoid bone reached the max-
imum anterior and superior positions at the same time; the larynx reached its maximum
displacement earlier than the hyoid reached its maximum anterior displacement in 26 of the
swallows (41%) ranging from 0.06 - 0.21 s; the UES reached its maximum superior position
earlier than the hyoid reached its maximum superior position in 38 of the swallows (60%)
ranging from 0.03 - 0.33 s.
The mean and the standard error of the frame numbers of the estimated maximum muscle
forces, measured minimum or maximum muscle lengths, maximum UES opening and the
maximum UES superior position are listed in Table 4.6. The sequence of estimated maximum
muscle forces, measured minimum or maximum muscle lengths, maximum UES opening
and the time UES reached the superior position are listed in Figure 4.2. In this figure,
the measured maximum IH length is listed instead of the measured minimum IH length
because the conditional correlation between MaxIHF and the MaxIHL (r = 0.34) were
greater than that between MaxIHF and MinIHF (r = 0.21, Table 4.7). In addition, MaxIHF
was influenced significantly by the measured maximum IH length (p = 0.003, Table 4.8),
but not the measured minimum IH length (p = 0.08). Therefore, the estimated maximum
IH force was more likely generated as antagonist when IH was stretched by SM, PBD and
possibly other muscles that pull the hyoid bone superiorly.
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Table 4.7: The conditional correlation between the estimated maximum IH force and the
measured maximum IH length and minimum IH length respectivly.
df t value r value p value
MaxIHF vs. MaxIHL 62 2.86 0.34 0.006
MaxIHF vs. MinIHL 62 1.76 0.21 0.08
Table 4.8: Linear regression result of the influence of the measured minimum IH length
and the maximum IH length on the estimated maximum IH force.
df F value p value
MaxIHL 1 9.47 0.003*
MinIHL 1 4.20 0.08
4.5 Statistical Analysis
Since no subject/volume effect existed, all the 64 swallows were pooled together and analyzed
during the remaining steps. The conditional correlations between these frame numbers when
SM, PBD, IH and TH generated the maximum force and when UES reached the maximum
opening are listed in Table 4.9. The distance between UES posterior boundary and C7
was denoted as RF. This distance indicated how much the UES moved superiorly. The
conditional correlations between the frame numbers when SM, PBD, IH and TH generated
the maximum force and when UES reached the maximum superior position (MaxRFL) were
tested and the results are listed in Table 4.10. One of our objects was to examine if and
how the SM, IH, TH and PBD worked together to move the hyoid anteriorly and superiorly
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during swallowing. The conditional correlations between the frame numbers when estimated
maximum muscle force was reached are listed in Table 4.11.
Table 4.9: The conditional correlation between the time of estimated maximum muscle
force and the time of measured maximum UES opening.
df t value r value p value
MaxSMF vs. MaxUESL 62 2.24 0.27 0.03*
MaxPBDF vs. MaxUESL 62 1.34 0.17 0.19
MaxTHF vs. MaxUESL 62 1.75 0.21 0.08
MaxIHF vs. MaxUESL 62 -0.31 -0.04 0.75
Table 4.10: The conditional correlation between the time of estimated maximum muscle
force and measured maximum UES superior position.
df t value r value p value
MaxPBDF vs. MaxRFL 62 0.97 0.12 0.33
MaxTHF vs. MaxRFL 62 -0.44 -0.06 0.66
MaxSMF vs. MaxRFL 62 1.38 0.17 0.17
MaxIHF vs. MaxRFL 62 1.32 0.16 0.19
Table 4.11: The conditional correlations between the frame numbers when muscles reached
their maximum force.
df t value r value p value
MaxSMF vs. MaxTHF 62 0.51 0.06 0.61
MaxSMF vs. MaxIHF 62 1.53 0.19 0.13
MaxPBDF vs. MaxIHF 62 1.92 0.23 0.06
MaxSMF vs. MaxPBDF 62 -0.11 -0.01 0.91
MaxPBDF vs. MaxTHF 62 1.39 0.17 0.17
MaxTHF vs. MaxIHF 62 0.88 0.11 0.38
When the linear regression was used to test the relationship between MaxUESL and
MinPBDL, MaxIHL, MaxRFL, MinTHL and MinSML, all of them showed significance (Ta-
ble 4.12), which indicated that all the muscles reached their extreme length before the UES
opening extremum. The linear regression also indicated that both MaxSMF and MaxTHF
significantly influenced the maximum UES opening (Table 4.13), MaxSMF and MaxIHF
significantly influenced the maximum UES superior position (Table 4.14). The factors that
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influence the MaxIHL, MinSML and MinTHLare shown in Table 4.15, 4.16, and 4.17 respec-
tively.
Table 4.12: Linear regression result of muscles that influence maximum UES opening.
df F value p value
MinSML 1 15.37 0.0002*
MaxIHL 1 6.38 0.03*
MinTHL 1 7.38 0.009*
MinPBDL 1 5.79 0.05*
MaxRFL 1 16.71 0.0001*
Table 4.13: Linear regression result of estimated muscle forces that influence measured
maximum UES opening.
df F value p value
MaxSMF 1 7.47 0.008*
MaxIHF 1 0.20 0.66
MaxTHF 1 5.20 0.03*
MaxPBDF 1 2.36 0.13
Table 4.14: Linear regression result of estimated muscle forces that influence measured
maximum UES superior position.
df F p
MaxSMF 1 8.68 0.005*
MaxIHF 1 4.02 0.05*
MaxTHF 1 0.13 0.72
MaxPBDF 1 2.66 0.11
Table 4.15: Linear regression result of estimated muscle forces that influence MaxIHL.
df F p
MaxSMF 1 13.11 0.0006*
MaxIHF 1 3.12 0.08
MaxTHF 1 0.0005 0.98
MaxPBDF 1 4.63 0.035*
Student t-test revealed that both the MaxTHF and MaxiIHF occured earlier than MaxSMF
(p = 0.004, Table 4.18; p = 0.01, Table 4.19), while no significant difference was found be-
tween MaxIHF and MaxTHF (p = 0.67, Table 4.20).
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Table 4.16: Linear regression result of estimated muscle forces that influenced MinSML.
df F p
MaxSMF 1 24 < 0.0001*
MaxIHF 1 8.43 0.005*
MaxTHF 1 1.72 0.19
MaxPBDF 1 7.83 0.007*
Table 4.17: Linear regression result of estimated muscle forces that influence MinTHL
df F p
MaxSMF 1 3.88 0.053
MaxIHF 1 4.52 0.04*
MaxTHF 1 18.62 < 0.0001*
MaxPBDF 1 17.10 0.0001*
Table 4.18: Comparison between MaxTHF and MaxSMF.




Table 4.19: Comparison between MaxIHF and MaxSMF.




Table 4.20: Comparison between MaxIHF and MaxTHF.





Figure 4.1: The typical trend of muscle length change of SM, PBD, IH, UES and RF
during swallowing.
51
Figure 4.2: The sequence of estimiated maximum muscle forces and corresponding
measured muscle length, maximum UES opening and UES superior position. The zero




The anterior and superior hyoid displacement during swallowing is considered as one of the
most important factors for safe swallowing, and lots of studies have been carried out in this
area regarding normal and abnormal swallows. However, it is still unclear how different
muscle forces are coordinated to accomplish the complicated hyoid trajectory, especially e.g.
the level of contribution by PBD and IH forces. Thus, our work represented an important
attempt to delineate the hyoid displacement by leveraging on MRI imaging technique and
methematical modeling. Although in pilot stage, we did demonstrate the potential of such
methodology in revealing swallowing structures and temporal behaviors to the level that may
be inaccessible through conventional approaches. The interpretation of important findings
of this study is given as the followings.
5.1 UES Opening
In general, normal UES opening involves sphincter relaxation, the contraction of muscles
that are located both anterior and posterior to the UES, and intrabolus pressure (Cook,
Dodds, Dantas, Massey, et al., 1989). The relaxation of UES occurred before or at the same
time of laryngeal elevation with mean duration of 0.1 s (Cook, Dodds, Dantas, Massey, et
al., 1989; Cook, Dodds, Dantas, Kern, et al., 1989), and the UES does not necessarily open
when only relaxation happens. In this study, only normal swallow data were collected; and
under normal condition sphincter relaxation happens before UES opening. The zero point
was set at the time that the UES began to open. Therefore, it is reasonable that in our model
the UES was treated as a passive spring because only the phase following UES relaxation
had been modeled.
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The muscle force, opening the UES, came from two sources, anterior and posterior. The
anterior muscles were believed to include the superior and inferior hyoid muscles (Lang,
2006). The superior hyoid muscles include the geniohyoid, mylohyoid, hyoglossus, and an-
terior belly of the digastric. These muscles move the hyoid bone anteriorly and possibly
superiorly (Perlman et al., 1993). The inferior muscles include the thyrohyoid, sternohyoid,
sternothyroid, and omohyoid. The action of these muscles is to pull the hyoid bone and
thyroid cartilage inferior and possibly anterior (Lang, 2006). Although most of the action
of these anterior UES opening muscles is on the hyoid bone, the thyrohyoid forms the main
connection between the hyoid and larynx. Therefore, the simultaneous contraction of the
anterior muscles acts to move the hyoid bone and larynx anteriorly. The posterior mus-
cles include the stylopharyngeus, palatopharyngeus, pterygopharyngeus, and perhaps other
superiorly directed posterior pharyngeal muscles. The actions of these muscles are to el-
evate the pharynx and to stabilize the posterior wall of the pharynx by providing tension
posteriorly (Lang, 2006). For this study, those muscles were not modeled.
Positive correlations were found between the timing of measured maximum UES opening
and the timing of the estimated SM, TH and PBD maximum force, r = 0.27, 0.21 and 0.17
respectively, and the conditional correlation between MaxUESL and MaxSMF was significant
(p = 0.03). Linear regression showed that both of the timings of the estimated maximum
muscle force of SM and TH significantly influenced the timing of measured maximum UES
opening (p = 0.008 and p = 0.03). Based on the data, although the timing of estimated
maximum TH force showed significance, the timing of estimated maximum SM force had a
much stronger influence on the timing of measured maximum UES opening. Also, although
a positive correlation had been found between the timings of estimated maximum SM force
and maximum TH force (r = 0.06), the timing of estimated maximum TH force showed
no significant influence on that of estimated maximum SM contraction, (aka. measured
minimum SM length, p = 0.19), and vice versa (p = 0.053). In addition, the estimated
maximum TH force occurred significantly earlier than the estimated maximum SM force
(p = 0.004). Therefore, it is reasonable to assume that the SM mm. are the principle muscle
source for opening the UES, and TH is more closely related to laryngeal elevation than to
UES opening. The main function of TH is to pull the larynx closer to the hyoid to protect
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the airway well before a swallow begins.
In this study, the timing of estimated maximum IH force showed a negative correlation
with the timing of measured maximum UES opening (r = −0.04), and no significant linear
relationship was found on the timing of measured maximum UES opening (p = 0.66). In
addition, the estimated maximum IH force occurred much earlier than estimated maximum
SM force (p = 0.01). Therefore, our data do not support a previous report that IH works
together with SM to open the UES (Lang, 2006). Rather, the estimated maximum IH force
was found to occur simultaneously with estimated maximum TH force (p = 0.66); the timing
of estimated maximum IH force significantly influenced the timing of measured maximum
TH contraction (aka. minimum TH length, p = 0.04); and there was a positive correlation
between them (r = 0.11). All of the findings suggest that the primary function of IH may be
to work with TH to stabilize the hyoid bone and help protect the larynx rather than to open
UES as has been reported and stated in previous studies (Lang, 2006; Kahrilas, Logemann,
Krugler, & Flanagan, 1991).
5.2 Superior Movement of UES
The superior movement of UES occurs during the pharyngeal stage of a swallow. Fundamen-
tally it is due to the raising of the entire pharyngeal tube. Beginning with elevation of the
soft palate and hyoid bone, the tongue pushes backward and downward into the pharynx to
propel the bolus downward (Paik et al, 2008) with the help of superior, medial and inferior
pharyngeal constrictors. At the same time, the pharyngeal cavity is widened and shortened
which decreases the resistance within the tube (Perlman et al., 1995, p. 23). The muscles
that move the larynx/pharynx in the superior or inferior direction include the stylopharyn-
geus, stylohyoid, digastricus, palatopharyngeus, pterygopharyngeus, sternohyoid, omohyoid,
and sternothyroid (Lang & Shaker, 2000).
For this study, the stylohyoid, stylopharyngeal, pterygopharyngeal and palatopharyngeal
muslces, which are believed to help the pharyngeal cavity to move superiorly, were not
modeled. However, the PBD of this model, which travels in the similar direction with those
muscles, was included. Therefore, one can consider the PBD as the representation of the
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group of muscles that are believed to move the pharyngeal cavity superiorly.
When we tested the influence of the timing of estimated maximum SM, PBD, TH and
IH forces on the timing of measured maximum UES superior displacement, although the
timings of estimated maximum SM, IH and PBD forces showed positive correlations with
the estimaed timing of maximum UES superior movement (r = 0.17, r = 0.16, and r = 0.12
respectively), linear regression indicated that the timings of estimated maximum SM and
IH forces showed significance (p = 0.005 and p = 0.05 correspondingly), but the timing of
estimated maximum PBD force did not (p = 0.11).
The SM force moves the hyoid bone superiorly and anteriorly, which via the connection
of the TH moves the larynx superiorly and anteriorly as well. The cricopharyngeus (CP),
which is the main component of UES, arises from the thyroid and cricoid cartilages (Perlman
et al., 1993), connecting the larynx and UES. Therefore, during swallowing the UES was
opened by the SM force, and moved superiorly by it.
The contribution from estimated IH maximum force to the UES superior position may
be explained by the following. When the maximum IH force appeared, the IH was at
maximum length. The estimated maximum IH force happened simultaneously with the
measured maximum IH length (p = 0.003), not the measured minimum IH length (p = 0.08).
Therefore, the estimated maximum IH force was more likely generated as an antagonist when
IH was stretched by SM, PBD and possibly other muscles yet unstudied that pull the hyoid
bone superiorly. This suggests that even though the muscle may be fully activated, it is forced
to lengthen due to the high external load, eccentric contraction (Jr., Reinking, & Stuart,
1973; Hoffer, Caputi, Pose, & Griffiths, 1989). The measured maximum IH length was
achieved by forces from SM and PBD (p = 0.0006 and p = 0.035 respectively). Therefore,
although the timing of the estimated maximum IH force showed significance on the timing
of measured maximum UES superior movement, it is not one of the determinants. The SM
force should be considered as the main cause for the maximum UES superior movement.
The timing of estimated maximum PBD force did not show significance on the timing of
measured maximum UES superior displacement; but it significantly influenced the timing
of maximum length of IH mm. From the time sequence in Figure 4.2, we found that the
estimated maximum PBD force occurred earlier than the estimated maximum IH force,
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and the measured maximum IH length occurred earlier than the measured maximum UES
superior position. Therefore, it is reasonable to assume that the estimated maximum PBD
force contributed to the measured maximum IH length at the initial stage; however, the
force from the PBD was not large enough to elongate the IH sufficiently to allow the UES
to reach its maximum superior position. The amount of contribution of the PBD could not
be determined in this research. The main force to move the UES to its maximum superior
position was from SM, although at the time when the UES reached its maximum superior
position the SM had not yet reached its representation of maximum force. After the UES
had reached its maximum superior position, the SM continuously generated a greater force
and pulled the hyoid bone anteriorly, possibly superiorly as well, which pulled the larynx
anteriorly and opened the UES.
Based on the anatomical position of the PBD and the muscle group it represented, the
PBD also generates the force that points posteriorly. This force contributes to fixing the
UES posterior wall on the cervical spine while the UES is opened by SM contraction and
the UES slides along the cervical spine (Lang, 2006). The fixation and sliding are possible
because of the cross fibers between the fascial layers surrounding the prevertebral space
and the UES, which make these layers adherent to each other (Zaino, Jacobson, Lepow, &
Ozturk, 1970, p. 14–16,128).
5.3 Hyoid Displacement
In this study the trend of each of the muscle forces provide us sufficient information to
better understand how the muscles work together moving the hyoid bone to guarantee a
safe swallow. During swallowing, the hyoid bone most likely moves superiorly under the
cooperation of PBD, IH and SM. While the hyoid bone is moving, the forces from PBD and
IH decrease, and SM mm begins to override the total effect from PBD and IH to move the
hyoid bone superiorly and anteriorly. The anterior force from SM mm also opens the UES
through the connection of TH.
The previous assumption provides us a strong hint that during a safe swallow, the normal
function of SM overrides any of the other muscles. It is not only the primary muscle force
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for the hyoid anterior displacement, but also the primary muscle force for the hyoid superior
displacement.
5.4 Limitations
The previous conclusions were based on data solely from this study; however, there are some
unavoidable limitations of this work. Due to the technical limitation, we were not able to
model every muscle that was involved in swallowing. For example, the origin and insertion of
pharyngeal constrictors were not identifiable on our current dynamic MRI images. Therefore,
although they play a role in shortening the pharynx, and may or may not contribute to hyoid
superior displacement, they were not included in our model. However, this limitation does
not cause one to question the fundamental conclusions of this study because the portions that
may influence the safety of a swallow have been considered, such as SM and UES. Therefore,
we are confident with the reliability of this study. With the inclusion of additional geometry
and other muscles included in the model, future models may result in improved accuracy.
The temporal resolution of the dynamic MRI carried in this study was approximately 16
frames/second, while the temporal resolution of the gold standard for swallow evaluation,
videofluroscopy, is 30 frames/seconds. This resolution is state of the art for MRI and that
future acquisition development with MRI will enable better temporal resolution. Because no
subject/volume effect was found, all the 64 swallows were pooled together for data analysis.
Therefore, the large sample size helped to increase both the reliability and accuracy of the
results.
Previous studies (Shelton et al., 1960; Johnsson et al., 1995; Barkmeier et al., 2002; Inagaki
et al., 2007; Inagaki, Miyaoka, Ashida, & Yamada, 2009) indicated that the peak amplitude
of SM EMG, EMG values at the medium point of the final cumulative EMG of the SM , total
swallowing duration, oral and pharyngeal transit time, pharyngeal peristaltic amplitude and
duration, the length of the bolus in the pharynx, the displacement of the hyoid bone, the
base of the tongue and larynx during swallowing in the supine position are all similar to
that of swallowing in the upright position. In this study, the subjects were given liquid to
swallow when they were supine in the MRI scanner. We are comfortable claiming that the
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findings of this study can also be applied to swallows in the upright position. However, we
did find multiple swallows on all four volumes of liquid swallows. This may be due to the
fact that when the subjects swallowed supine, they swallowed more carefully. However, this
multi-swallow would not influence how accurately a supine swallow can represent an upright
swallow since it has been reported that physiologically no difference was found between
supine and upright swallows (Shelton et al., 1960; Johnsson et al., 1995; Barkmeier et al.,
2002; Inagaki et al., 2007, 2009). However, this may account for no significant finding
between bolus volumes.
Another concern would be that by calculating muscle forces based on displacements of
muscles, it is difficult to reliably determine antagonistic activations. Pairs of muscles could
be creating significant forces that balance the position of the structures being visualized.
These forces could not be visualized with MRI. One way to improve model accuracy would
be combining EMG measurement with muscle length change. Although the EMG magnitude
may not provide the exact trend of the whole muscle activity since it only shows the activities
of the neurons around the electrode, it offers us the chance to estimate the trend if a large
data base is available. Therefore, the model inaccuracy due to antagonistic activations
can be avoided on a large degree. In addition, monitoring the on and off times of EMG
helps to differentiate the reasons of a muscles length change, passive or active. Although
this information is not an essential need of current model, it can be added on the more
comprehensive ones to avoid inexistent muscle force due to passive elongation.
In term of its validation, the model did not indicate significant conditional correlation of
muscle forces as we compared the magnitude of forces between the average of the first 15
swallows and that of the 16-th swallow. This weak result was largely due to the inherent
limitation of the optimizaing algorithm under a vast possible searching space as discussed in
Chapter 4. On the other hand, when the standardized frame number or the relative timing
of maximum muscle force was used to test the model reproducibility, the model turned
out to be reproducible consistently across all six muscles. Hence, the model did provide
valuable information regarding temporal aspect of muscle force changes. More investigation
is definitely needed for further refinement.
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CHAPTER 6
CONCLUSION AND FUTURE WORK
6.1 Conclusion
There has been uncertainty as to how muscles work together to perform a safe swallow. Al-
though various techniques have been applied to solve this puzzle, such as videofluoroscopy,
electromyography and manometry, none of them provides direct 3D information regard-
ing the biomechanics. According to the authors best knowledge, this study is the first to
combined dynamic MRI and mathematical modeling to explain a safe swallow from a biome-
chanical perspective. This study is the first to provide muscle peak force information during
swallowing. Exactly how muscles work together to move the hyoid bone superiorly and
anteriorly, and the biomechanics of UES opening were clearly identified in this study. In
addition, this investigation demonstrates a technique for studying swallowing structures that
cannot be approached using other techniques.
An important finding of this study is the critical function of the SM to the safety of a
swallow. The SM provides the strongest biomechanical force contributing to a safe swallow.
The function of the IH may be working with the TH to stabilize the hyoid bone and helping
protect the larynx. Also the maximum IH force was more likely generated as an antagonist
when the IH was stretched by the SM, PBD and possibly other muscles, yet unstudied, that
pull the hyoid bone superiorly. The PBD is likely contributing to the maximum IH length
at the initial stage of the swallowing.
The 3D dynamic model of the hyoid bone and the attached muscles successfully predicted
hyoid bone displacement and UES opening during swallowing. Such a model makes it possi-
ble to provide ENTs, SLPs, and related professionals an intuitive view of how muscle forces
work together to achieve a safe swallow. Appropriate hyoid displacement and UES relax-
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ation help to open the UES and pull the larynx away from the alimentary canal to avoid
aspiration.
This model can be applied for analyzing and understanding abnormal swallowing. The
intuitive view of muscle force changes during swallowing can provide valuable assistance to
ENT surgeons in planning neck cancer surgery in ways that will better preserve reason-
able swallow function. SLPs will also benefit from this model when deciding which muscle
groups need physical exercise in order to achieve a safe swallow function during post-surgery
rehabilitation.
6.2 Future Work
This study has provided us exciting findings regarding swallow biomechanics. Forces from
six aspects were modeled, SM, IH, PBD, TH, UES and RF. Pharyngeal constrictors, tongue,
soft palate, cartilages, ligaments and other soft tissues that may have different biomechanical
properties were not modeled but should be included in future work. A next step of this study
can be to use similar methodology on subjects with abnormal swallows, or seniors with age
dependent changes in their swallows to help healthcare professions treat and consult these
populations and increase their quality of life.
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APPENDIX A
MRI SAFETY SCREENING FORM
Please refer to following pages.
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Biomedical Imaging Center 
Beckman Institute for Advanced Science and Technology 
University of Illinois at Urbana-Champaign 
 
 
Research Participant Medical History and Safety Screening 
 
 
Date: ____________   Name: ______________________________________________ 
 
Female         Male        Age: ____   Date of birth: ______  Height: ft.__ in.__ Weight_______ 
 
Body part to be scanned: __________  Phone: _________   Handedness: Right      Left  
 
Have you had any previous surgery on the body part to be scanned?  Yes        No       
If yes, please write the approximate date and why. ____________________________  
 
The following items can interfere with the MR imaging and some may be hazardous to your 
safety.  Please check if you have any of the following items: (must check with a “Yes” or “No” 
response) 
 
                Yes       No 
                                                                                                                                        
1.    Are you claustrophobic?                                                                                                                                            
2.    Have you had an MRI exam before? If yes, what part/s of the body? 
____________________________________________ 
3.    Do you have any known brain malformations?  If yes, please      
specify type and location. ____________________________ 
4.       Have you ever had a surgical operation or procedure of any kind?  
         If yes, please list all prior surgeries and the approximate dates: 
          ___________________________________________________ 
 (Please use the back page for additional space.) 
5.    Have you ever performed metal work such as, grinding,   
 soldering, or welding? 
6. Have you ever been injured by a metal object or a foreign body 
such as a bullet, BB, shrapnel, or nails?  If yes, please describe. 
____________________________________________________ 
7. Have you ever been injured in your eye by metal objects such as 
metal slivers or metal shavings? If yes, please describe. 
____________________________________________________ 
8.    Do you have metal fragments in your head, eyes, or skin that are 
not indicated above? If yes, please describe. ________________ 
 ____________________________________________________ 
9.       Do you have a cardiac pacemaker or an implanted defibrillator? 
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           Yes       No 
 
10.   Do you have intracranial aneurysm clips? 
11.    Do you have aortic clips? 
12.    Do you have an insulin pump? 
13.    Do you have neurostimulators? (TENS unit)                                                  
14.    Do you have a vagal nerve stimulator/pain pump? 
15.    Do you have bone stimulators? 
16.    Do you a penile implant? Model # ______________________        
17.    Do you have permanent eyeliner or tattoos? 
18.    Do you wear a transdermal patch (nicotine or nitroglycerin)? 
19.    Do you have an artificial heart valve? Model # ____________ 
20.    Do you have an arterial stent? If yes, approximate date of surgery 
and the location of the stent/s: 
__________________________________________________ 
21.    Do you have a cochlear implant? 
22.    Do you have electrodes? 
23.    Do you have hearing aid/s? 
24.    Do you have an implanted I.U.D. (intra-uterine device)? 
25.    Do you have a spinal or ventricular shunt/s? 
26.    Do you have joint replacements?  If so, please state location in 
your body.  _______________________________ 
27.    Have you had fractured bones treated with rods, metal plates, 
         pins, screws, nails, or clips? 
28.   Do you have a Harrington rod for scoliosis? 
29.   Do you have prosthesis? 
30.   Do you have metal mesh implants?  
31.   Have you undergone surgery for a hernia? 
32.   Do you have wire sutures?  
33.   Have you had open heart surgery? 
34.   Do you wear removable dentures, false teeth, or a partial plate? 
35.   Do you wear an orthodontic retainer or have braces? 
36.   Is there any chance that you could be pregnant? 
 ***Pregnant women should not go near the magnet beyond the 5 
Gauss line. 
37.   Do you have an artificial eye or an eyelid spring? 
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           Yes       No 
                                         
38.     Have you ever undergone a stapedectomy?           Yes       No 
39.   Do you have ANY body piercings?  Location______________ 
40.   Do you have any type of implant held in place by a magnet?  
        Model #________ 
41.   Do you have any tissue expanders? (e.g., breast) 
42.   Do you have any implanted radiation seeds? 
43.   Do you have a wig or hair implants? 
44. Are you allergic to animal dander?                                        
  
   
 
 
By signing below, you acknowledge that you have carefully read and answered each 
question to the best of your ability. (If under 18 years of age it must be signed by the parent) 
 
Research Participant Printed Name: _______________________________________ 
 
Research Participant Signature: __________________________________________ 
 
MRI Technologist Signature: ____________________________________________ 
 





**Instructions for the research participant** 
 
1. Please remove all jewelry (e.g., necklaces, pins, rings). 
2. Please remove all hair pins, bobby pins, barrettes, hair bands, clips, etc. 
3. Please remove all dentures, false teeth, partial dental plates, and orthodontic 
retainers. 
4. Please remove hearing aids. 
5. Please remove eyeglasses. 
6. Please remove your watch, pager, cell phone, credit and bank cards, and all other 
cards with a magnetic strip. 
7. Please remove ALL body piercings. If you are having difficulty removing any 
piercing, please alert the MRI technologist. 
8. Please remove belts and suspenders. 
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APPENDIX B
FIGURES OF MUSCLE LENGTH AND ESTIMATED
MUSCLE FORCE
Please refer to following pages.
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Figure B.1: Subject 1, Trial 1, Swallow 1 – Muscle Force
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Figure B.2: Subject 1, Trial 1, Swallow 1 – Muscle Length
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Figure B.3: Subject 1, Trial 1, Swallow 2 – Muscle Force
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Figure B.4: Subject 1, Trial 1, Swallow 2 – Muscle Length
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Figure B.5: Subject 1, Trial 1, Swallow 3 – Muscle Force
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Figure B.6: Subject 1, Trial 1, Swallow 3 – Muscle Length
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Figure B.7: Subject 1, Trial 1, Swallow 4 – Muscle Force
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Figure B.8: Subject 1, Trial 1, Swallow 4 – Muscle Length
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Figure B.9: Subject 1, Trial 2, Swallow 1 – Muscle Force
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Figure B.10: Subject 1, Trial 2, Swallow 1 – Muscle Length
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Figure B.11: Subject 1, Trial 2, Swallow 2 – Muscle Force
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Figure B.12: Subject 1, Trial 2, Swallow 2 – Muscle Length
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Figure B.13: Subject 1, Trial 2, Swallow 3 – Muscle Force
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Figure B.14: Subject 1, Trial 2, Swallow 3 – Muscle Length
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Figure B.15: Subject 1, Trial 2, Swallow 4 – Muscle Force
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Figure B.16: Subject 1, Trial 2, Swallow 4 – Muscle Length
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Figure B.17: Subject 1, Trial 3, Swallow 1 – Muscle Force
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Figure B.18: Subject 1, Trial 3, Swallow 1 – Muscle Length
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Figure B.19: Subject 1, Trial 3, Swallow 2 – Muscle Force
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Figure B.20: Subject 1, Trial 3, Swallow 2 – Muscle Length
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Figure B.21: Subject 1, Trial 3, Swallow 3 – Muscle Force
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Figure B.22: Subject 1, Trial 3, Swallow 3 – Muscle Length
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Figure B.23: Subject 1, Trial 3, Swallow 4 – Muscle Force
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Figure B.24: Subject 1, Trial 3, Swallow 4 – Muscle Length
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Figure B.25: Subject 1, Trial 4, Swallow 1 – Muscle Force
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Figure B.26: Subject 1, Trial 4, Swallow 1 – Muscle Length
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Figure B.27: Subject 1, Trial 4, Swallow 2 – Muscle Force
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Figure B.28: Subject 1, Trial 4, Swallow 2 – Muscle Length
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Figure B.29: Subject 1, Trial 4, Swallow 3 – Muscle Force
96
Figure B.30: Subject 1, Trial 4, Swallow 3 – Muscle Length
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Figure B.31: Subject 1, Trial 4, Swallow 4 – Muscle Force
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Figure B.32: Subject 1, Trial 4, Swallow 4 – Muscle Length
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Figure B.33: Subject 2, Trial 1, Swallow 1 – Muscle Force
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Figure B.34: Subject 2, Trial 1, Swallow 1 – Muscle Length
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Figure B.35: Subject 2, Trial 1, Swallow 2 – Muscle Force
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Figure B.36: Subject 2, Trial 1, Swallow 2 – Muscle Length
103
Figure B.37: Subject 2, Trial 1, Swallow 3 – Muscle Force
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Figure B.38: Subject 2, Trial 1, Swallow 3 – Muscle Length
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Figure B.39: Subject 2, Trial 1, Swallow 4 – Muscle Force
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Figure B.40: Subject 2, Trial 1, Swallow 4 – Muscle Length
107
Figure B.41: Subject 2, Trial 2, Swallow 1 – Muscle Force
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Figure B.42: Subject 2, Trial 2, Swallow 1 – Muscle Length
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Figure B.43: Subject 2, Trial 2, Swallow 2 – Muscle Force
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Figure B.44: Subject 2, Trial 2, Swallow 2 – Muscle Length
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Figure B.45: Subject 2, Trial 2, Swallow 3 – Muscle Force
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Figure B.46: Subject 2, Trial 2, Swallow 3 – Muscle Length
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Figure B.47: Subject 2, Trial 2, Swallow 4 – Muscle Force
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Figure B.48: Subject 2, Trial 2, Swallow 4 – Muscle Length
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Figure B.49: Subject 2, Trial 3, Swallow 1 – Muscle Force
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Figure B.50: Subject 2, Trial 3, Swallow 1 – Muscle Length
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Figure B.51: Subject 2, Trial 3, Swallow 2 – Muscle Force
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Figure B.52: Subject 2, Trial 3, Swallow 2 – Muscle Length
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Figure B.53: Subject 2, Trial 3, Swallow 3 – Muscle Force
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Figure B.54: Subject 2, Trial 3, Swallow 3 – Muscle Length
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Figure B.55: Subject 2, Trial 3, Swallow 4 – Muscle Force
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Figure B.56: Subject 2, Trial 3, Swallow 4 – Muscle Length
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Figure B.57: Subject 2, Trial 4, Swallow 1 – Muscle Force
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Figure B.58: Subject 2, Trial 4, Swallow 1 – Muscle Length
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Figure B.59: Subject 2, Trial 4, Swallow 2 – Muscle Force
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Figure B.60: Subject 2, Trial 4, Swallow 2 – Muscle Length
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Figure B.61: Subject 2, Trial 4, Swallow 3 – Muscle Force
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Figure B.62: Subject 2, Trial 4, Swallow 3 – Muscle Length
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Figure B.63: Subject 2, Trial 4, Swallow 4 – Muscle Force
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Figure B.64: Subject 2, Trial 4, Swallow 4 – Muscle Length
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Figure B.65: Subject 3, Trial 1, Swallow 1 – Muscle Force
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Figure B.66: Subject 3, Trial 1, Swallow 1 – Muscle Length
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Figure B.67: Subject 3, Trial 1, Swallow 2 – Muscle Force
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Figure B.68: Subject 3, Trial 1, Swallow 2 – Muscle Length
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Figure B.69: Subject 3, Trial 1, Swallow 3 – Muscle Force
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Figure B.70: Subject 3, Trial 1, Swallow 3 – Muscle Length
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Figure B.71: Subject 3, Trial 1, Swallow 4 – Muscle Force
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Figure B.72: Subject 3, Trial 1, Swallow 4 – Muscle Length
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Figure B.73: Subject 3, Trial 2, Swallow 1 – Muscle Force
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Figure B.74: Subject 3, Trial 2, Swallow 1 – Muscle Length
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Figure B.75: Subject 3, Trial 2, Swallow 2 – Muscle Force
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Figure B.76: Subject 3, Trial 2, Swallow 2 – Muscle Length
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Figure B.77: Subject 3, Trial 2, Swallow 3 – Muscle Force
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Figure B.78: Subject 3, Trial 2, Swallow 3 – Muscle Length
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Figure B.79: Subject 3, Trial 2, Swallow 4 – Muscle Force
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Figure B.80: Subject 3, Trial 2, Swallow 4 – Muscle Length
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Figure B.81: Subject 3, Trial 3, Swallow 1 – Muscle Force
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Figure B.82: Subject 3, Trial 3, Swallow 1 – Muscle Length
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Figure B.83: Subject 3, Trial 3, Swallow 2 – Muscle Force
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Figure B.84: Subject 3, Trial 3, Swallow 2 – Muscle Length
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Figure B.85: Subject 3, Trial 3, Swallow 3 – Muscle Force
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Figure B.86: Subject 3, Trial 3, Swallow 3 – Muscle Length
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Figure B.87: Subject 3, Trial 3, Swallow 4 – Muscle Force
154
Figure B.88: Subject 3, Trial 3, Swallow 4 – Muscle Length
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Figure B.89: Subject 3, Trial 4, Swallow 1 – Muscle Force
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Figure B.90: Subject 3, Trial 4, Swallow 1 – Muscle Length
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Figure B.91: Subject 3, Trial 4, Swallow 2 – Muscle Force
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Figure B.92: Subject 3, Trial 4, Swallow 2 – Muscle Length
159
Figure B.93: Subject 3, Trial 4, Swallow 3 – Muscle Force
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Figure B.94: Subject 3, Trial 4, Swallow 3 – Muscle Length
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Figure B.95: Subject 3, Trial 4, Swallow 4 – Muscle Force
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Figure B.96: Subject 3, Trial 4, Swallow 4 – Muscle Length
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Figure B.97: Subject 4, Trial 1, Swallow 1 – Muscle Force
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Figure B.98: Subject 4, Trial 1, Swallow 1 – Muscle Length
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Figure B.99: Subject 4, Trial 1, Swallow 2 – Muscle Force
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Figure B.100: Subject 4, Trial 1, Swallow 2 – Muscle Length
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Figure B.101: Subject 4, Trial 1, Swallow 3 – Muscle Force
168
Figure B.102: Subject 4, Trial 1, Swallow 3 – Muscle Length
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Figure B.103: Subject 4, Trial 1, Swallow 4 – Muscle Force
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Figure B.104: Subject 4, Trial 1, Swallow 4 – Muscle Length
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Figure B.105: Subject 4, Trial 2, Swallow 1 – Muscle Force
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Figure B.106: Subject 4, Trial 2, Swallow 1 – Muscle Length
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Figure B.107: Subject 4, Trial 2, Swallow 2 – Muscle Force
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Figure B.108: Subject 4, Trial 2, Swallow 2 – Muscle Length
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Figure B.109: Subject 4, Trial 2, Swallow 3 – Muscle Force
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Figure B.110: Subject 4, Trial 2, Swallow 3 – Muscle Length
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Figure B.111: Subject 4, Trial 2, Swallow 4 – Muscle Force
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Figure B.112: Subject 4, Trial 2, Swallow 4 – Muscle Length
179
Figure B.113: Subject 4, Trial 3, Swallow 1 – Muscle Force
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Figure B.114: Subject 4, Trial 3, Swallow 1 – Muscle Length
181
Figure B.115: Subject 4, Trial 3, Swallow 2 – Muscle Force
182
Figure B.116: Subject 4, Trial 3, Swallow 2 – Muscle Length
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Figure B.117: Subject 4, Trial 3, Swallow 3 – Muscle Force
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Figure B.118: Subject 4, Trial 3, Swallow 3 – Muscle Length
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Figure B.119: Subject 4, Trial 3, Swallow 4 – Muscle Force
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Figure B.120: Subject 4, Trial 3, Swallow 4 – Muscle Length
187
Figure B.121: Subject 4, Trial 4, Swallow 1 – Muscle Force
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Figure B.122: Subject 4, Trial 4, Swallow 1 – Muscle Length
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Figure B.123: Subject 4, Trial 4, Swallow 2 – Muscle Force
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Figure B.124: Subject 4, Trial 4, Swallow 2 – Muscle Length
191
Figure B.125: Subject 4, Trial 4, Swallow 3 – Muscle Force
192
Figure B.126: Subject 4, Trial 4, Swallow 3 – Muscle Length
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Figure B.127: Subject 4, Trial 4, Swallow 4 – Muscle Force
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Table C.1: The number of multiple swallows of each volume cross subjects.
# of swallows
Subject 1 Subject 2 Subject 3 Subject 4
5ml liquid
1st trial 4 2 2 3
2nd trial 3 3 4 2
3rd trial 4 2 2 1
4th trial 4 2 2 2
10 ml liquid
1st trial 6 3 4 3
2nd trial 6 2 3 2
3rd trial 5 3 2 2
4th trial 7 3 2 2
15 ml liquid
1st trial 6 6 4 3
2nd trial 7 5 4 2
3rd trial 9 4 2 2
4th trial 9 4 4 2
20 ml liquid
1st trial 7 6 4 3
2nd trial 9 7 3 3
3rd trial 11 5 3 2
4th trial 10 4 4 4
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